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ABSTRACT 


Aircrart  fatigue  -strength  design  and  analysis  concepts  were  Investigated 

rvi  wic  dicbS  ui  latiyuc  me  )valter  lacluis  dnu  loiiyuc  slrenyin  ucsiyn* 

analysis  charts. 

A  fatigue  scatter  factor  Is  defined  as  the  ratio  of  the  mean  life  to  the 
He  for  a  specified  probability  of  failure  and  confidence  level.  For  design 
purposes,  operational  life  scatter  factors  are  defined  In  terms  of  the  joint 
probability  distribution  of  the  applied  loeJs  spectra  variation  In  a  fleet  of 
aircraft  and  the  basic  fatigue  life  scatter  represented  by  fatigue  test  data. 
Basic  fatigue  life  scatter  properties  for  aluminum  alloy  materials  and  struc¬ 
tures  were  statistically  derived  from  a  fatigue  test  data  survey  of  over  6,000 
specimens.  It.'  basic  scatter  derived  frequency  and  probability  distributions 
greatly  deviate  from  the  log  Normal  distribution  beyond  w  *  2a.  Several  joint 
probability  distribution  mode's  Illustrate  the  procedure  of  calculating  oper¬ 
ational  life  scatter  factors.  An  actual  aircraft  service  failure  history  Is 
accurately  predicted  Ly  the  joint  probability  distribution  concept. 

A  procedure  for  the  development  of  fatigue  strength  design-analysis 
charts  Is  outlined  and  Illustrated  by  several  examples.  The  charts.  In  the 
form  of  damage  rate  curves,  arv  defined  by  generalized  loads  spectra  parameters 
and  the  fatigue  quality  of  the  structural  element. 

This  abstract  Is  subject  o  special  export  controls  and  each  transmittal 
to  foreign  governments  or  foreign  nationals  may  be  made  only  with  prior 
approval  of  the  Air  Force  Flight  dynamics  Laboratory  (FDTR) ,  W.P.A.F.B., 

Ohio  45433. 
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SECTION  I 


INTRODUCTION 


The  practical  rather  than  purely  statistical  and  probaballstic  aspects 
of  fatigue  life  scatter  of  aircraft  structures  concerns  the  design  engineer 
and  the  fatigue  analyst.  The  simple  and  direct,  even  though  only  approximate, 
fatljue  strength  check  methods  interests  the  design  engineer  when  he  is  con¬ 
fronted  with  preliminary  design  problems,  or  the  fatigue  analyst  when  quick 
approximate  life  estimates  must  be  obtained.  This  report.  Part  !  two  parts 
of  the  subject  fatigue  study  of  aircraft  structures,  presents  discussions, 
arguments,  recommendations,  and  supporting  data  of  the  fatigue  life  scatter 
and  general  approaches  In  the  development  of  fatigue  strength  design  charts. 
Part  II  of  the  report  presents  a  complete  description  of  a  fatigue  life 
analysis  computer  program  In  the  form  of  a  user  ,  manual. 

Apy  discussion  of  analytical  fatigue  life  prediction  must  firstly  note 
that  fatigue  life  Is  a  random  variable  and  although  absolute  extremes  of 
performance  levels  m4y  not  be  readily  resolved,  there  Isa  reasonable  expec¬ 
tation  of  assigning  some  degree  of  reliability  to  life  prediction.  Secondly, 
the  meaning  of  the  term  'fatigue  life'  must  be  clearly  defined.  Fatigue  of 
materials  and.  In  turn,  of  structures  Is  a  form  of  progressive  failure  caused 
by  the  repeated  application  of  cyclic  loads.  The  failure  process  can  be 
divided  into  three  basic  stages: 

1.  Sub-microscopic  Intergranular  deformation 

2.  Appearance  of  a  visible  crack 

3.  Crack  propagation 

A  complete  final  failure  of  a  structural  element  can  occur  during  any  of 
these  progressive  failure  stages  and  It  will  always  be  a  static  failure  when 
an  applied  load  exceeds  the  design  ultimate  strength  o.  the  element  during 
the  first  stage,  or  the  residual  strength  during  the  second  and  third  stages. 
This  concept  Is  qualitatively  illustrated  In  Figure  1.  The  structure  may 
represent  a  single  load  path  element  or  a  complex  redundant  structure,  such 
as  the  wing.  Regardless  of  the  type  of  structural  element  the  objective  of 
fatigue  strength  design  criteria  should  be  the  design  of  structures  for  a 
specified  operation*,  life  requirement  associated  with  a  realistic  minimum 
probability  sf  fatigue  crack  Initiation.  Thus,  fatigue  strength  life  defines 
the  time  Interval  during  which  the  probability  of  initiating  a  crack  Is  a 
specified  low  value.  After  crack  Initiation  and  reduction  of  the  ultimate 
strength  capability  of  tkj  structural  element,  the  problem  becomes  a  function 
of  the  fall-safe  design  criteria  wnere  the  probability  of  the  final  failure 
becomes  a  function  of  the  joint  probability  of  encountering  a  load  which 
exceeds  the  residual  strength  of  the  structural  element.  With  crack  propaga¬ 
tion  the  residual  strength  decreases  and  the  probability  of  complete  failure 
Increases.  The  life  Interval  from  crock  Initiation  to  the  time  when  residual 
strength  reaches  the  design  or  902  limit  load  level,  depending  on  the  fall- 
safe  design  criteria,  is  no  more  the  problem  of  fatigue  strength  but  of  crack 
propagation  rates  and  redundancy  of  the  structure.  Therefore,  if  the  fatigue 
strength  design  objectives  of  any  structural  element  were  t>  design  for  a 


safe-life  during  which  the  probability  of  crack  Initiation  wa  ,  a  statistically 
and  realistically  acceptable  low  va»ue.  than.  •!««.  >h»  prcbebillty  sf  cr^Tctc 
failure  miring  the  required  lifetime  would  be  greatly  minimized. 

The  *hnv»  strength  design  criteria  «-unwpLs  are  applies  t3  the 

development  of  fatigue  life  scatter  factors  presented  In  Section  II  and  the 
Appendix.  Scatter  factors,  with  respect  to  the  mean  life,  are  directly 
related  to  probabilities  of  failure  and  confidence  levels.  Section  III 
presents  an  approach  for  a  possible  development  of  generalized  fatigue  strength 
design  charts  in  the  form  of  fatigue  damage  rate  curves  as  a  function  of  the 
applied  loads  spectrum  parameters  and  the  fatigue  strength  quality  of  the 
structural  element. 


FIGURE  1 .  PROGRESSIVE  FAILURE  OF  A  STRUCTURAL  ELEMENT 
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nust  be  evaluated  In  this  context.  An  estimate  of  fatigue  life  must  be  always 
associated  with  a  probability  and  confidence  of  attaining  It,  l.e.,  the  relia¬ 
bility  at  the  specified  life. 

Fatigue  life  variation  of  aircraft  structures,  as  represented  by  a  group 
of  aircraft,  supposedly  Identically  designed  and  manufactured  to  perform  a 
specified  envelope  of  missions.  Is  a  function  of  two  principal  variables.  In 
general  terms,  the  fora  variables  are: 

1.  The  applied  loads  and  the  environment  In  which  the  aircraft  operate. 

2.  The  structural  fatigue  strength  response  under  Identical  loading 
and  environmental  conditions. 

In  the  case  of  fatigue  analysis  and  design  of  aircraft  structures  for 
specified  life  requirements,  the  two  variables  must  be  considered  jointly. 

It  should  be  noted  that  In  the  analytical  calculation  of  fatigue  lives,  the 
Inaccuracies  of  analyses  methods,  or  more  properly,  of  the  cumulative  damage 
theories  used,  should  not  be  considered  as  a  contributing  factor  In  the 
statistical  evaluation  of  the  predicted  life.  The  life  prediction  cumulative 
damage  criteria  Is  a  problem  In  Itself  and  must  be  treated  Independently  from 
the  statistical  evaluation  of  the  actual  fatigue  life  scatter.  This  study  Is 
concerned  only  with  the  statistical  aspects  of  fatigue  life  scatter  apart  from 
the  Inaccuracies  of  fatigue  life  prediction  methods.  The  problem  delves  only 
with  the  question  of  what  Is  the  fatigue  life  scatter  magnitude  and  distribu¬ 
tion. 


Of  the  two  principal  variables  contributing  to  the  scatter  of  fatigue 
lives,  the  structural  response  can  be  studied  Independently  of  the  other 
variable  In  the  form  of  laboratory  fatigue  test  results.  This  Is  true, 
because  test  samples  can  be  composed  of  Identical  specimens  tested  under  the 
same  loading  and  environmental  conditions.  The  life  scatter  exhibited  by  the 
laboratory  test  specimens  Is  to  be  defined  as  the  "basic  fatigue  life  scatter" 
and  It  reflects  the  effect  of  material  and  manufacturing  tolerance  variables 
on  life  scatter. 

Life  deviation  from  the  mean  value  Is  often  defined  In  terms  of  "scatter 
factors",  "fatigue  safety  factors" ,  etc.,  etc.  The  name  Is  not  Important. 
However,  the  meaning  and  magnitude  of  these  factors  Is  too  often  clouded  by 
the  divergence  of  Individual  Interpretations  commonly  dictated  by  the  objective 
of  attaining  a  preselected  result.  Thus,  an  examination  of  the  actual  meaning 
and  application  of  the  fatigue  life  scatter  factors  In  the  fatigue  analysis 
and  design  of  aircraft  structures  Is  In  order.  First,  let  us  define  the 
fatigue  life  scatter  (or  safety)  factor.  In  the  most  general  form,  as. 
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(1) 


SF If  -  N„/N„ 

ir  -  r 

where,  N.  ■  Mean  Life;  subscript  c  refers  to  the  confidence  level. 

N  »  Life  associated  with  a  probability  of  failure,  p,  or  a 
p  reliability  level,  R,  where  R  *  1  -  p. 

Life,  N,  may  represent  load  cycles,  tine-flight  hours,  or  any  other  applicable 
Measure  of  life.  Fatigue  life  Is  defined  as  the  tine  required  to  Initiate  a 
crack  which  would  tend  to  reduce  the  ultimate  static  strength  capability  of 
the  structural  element  In  Its  virgin  condition.  This  concept  of  fatigue  life 
Is  discussed  more  fully  in  Section  1,  Introduction.  Therefore,  design  of 
aircraft  structures  for  specified  life  requirements  Implies  a  design  with  a 
minimum  probability  of  creek  Initiation  In  the  specified  lifetime. 

There  ere  three  basic  parameters  which  must  be  known  In  order  to  define 
the  fatigue  life  scatter  statistical  model:  mean  life,  standard  deviation, 
and  the  frequency  or  probability  distribution.  The  variable  In  question,  life 
N,  Is  generally  transformed  to  logioN  In  the  calculation  of  these  parameters, 
where,  for  e  given  sample  of  size  n,  the  sample  mean  and  standard  deviation 


ere  calculated  es, 

log  Nj  *  Arithmetic  mean  of  log  lives 

■  (s  log  Nj)/n,  4-1,2,  ...  n  (2) 

Nj  -  geometric  mean  11<*e 

-  (N,  x  N2  x  .  .  .  .  x  Nn)1/n  (3) 

*  Anti log  (log  Hj)  (4) 

Sj  ■  Standard  deviation  of  log  lives 

•  it  (log  Hj  -  log  N,)2/^  -  l)]*1  (5) 


Generally,  the  Normal -Gaussian  frequency  distribution  with  the  life  log  trans¬ 
formation  Is  used  to  approximate  the  fatigue  life  scatter,  where  the  frequency- 
density  distribution  Is, 


f  0*8  Hj) 


-[(log  N.  -  log  N)/o]*/2 
(l/ov2»)«  ^ 


where  a  end  Tog  N  ere  population  parameters.  However,  because  of  the  differ¬ 
ences  between  the  Normal  and  fatigue  life  scatter  distribution  In  the  extreme 
value  ranges,  e  number  of  other  frequency  distributions  have  been  proposed  Tor 
the  statistical  analysis  of  fatigue  test  date,  such  es  the  Uelbull  distribution 
function.  Reference  1,  and -the  "extreme  value"  distribution  used  by  Freudenthel 
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and  Gumbel,  Reference  2.  One  result  of  this  study  Is  che  derivation  of  an 
empirical  frequency  distribution  expression  for  the  *as1c  fatigue  life  scatter 
of  aluminum  alloys  based  on  a  ’arge  collection  of  fatigue  test  data,  as 
described  In  the  Aooendlx. 


In  all  subsequent  discussions,  reference  to  the  Normal  distribution  or 
•tandsrd  dev  let  lor;  will  iisply  the  log  Kcimal  uiitiluuttun  «nu  the  iog  standard 
deviation.  Also,  S,  as  calculated  by  equation  (3)  or  (*)  will  be  simply  referred 
to  as  the  mean  life  end,  unless  otherwise  noted,  will  imply  the  median  life. 

1.  Fatigue  Life  Basic  Scatter 

-  - 

If  a  fatigue  test  ts  performed  on  a  number  of  'Identical'  specimen, 
loaded  by  'identical °  cyclic  load  time  histories  in  a  constant  environment, 
the  resulting  lives,  whether  they  are  defined  by  the  time  to  crack  initiation 
or  final  failure,  will  not  be  'Identical',  they  will  exhibit  a  certain  amount 
of  scatter.  The  scatter  Is  due  to  the  fact  that  neither  the  specimens  nor 
the  loadings  are  truly  'Identical'.  Allowing  the  freedom  of  saying  that  the 
loading  Is  'Identical'  for  all  practical  purposes,  the  scatter  becomes  a 
function  of  the  detail  diversities  of  the  specimen:  variation  of  the  material 
properties  and  manufacturing  tolerances  on  the  macro  and  micro  levels.  The 
existence  of  these  variations  Is  real  and  the  resulting  basic  scatter  in  the 
fatigue  lives  of  materials  and  structures  Is  Inescapable. 

In  order  to  define  the  typical  fatigue  life  basic  scatter  of  aluminum 
alloy  materials  and  structures,  a  survey  was  made  of  1,180  fatigue  test 
samples  representing  6,659  specimens.  The  description  of  the  test  data  and 
the  results  of  the  survey  are  presented  in  the  Appendix.  The  objectives  of 
the  test  data  survey  were  to  check  the  validity  of  the  Normal  frequency  dis¬ 
tribution  as  it  applies  to  the  basic  fatigue  life  scatter  and  to  define 
representative  standard  deviation  values  for  aluminum  alloys.  The  results  of 
the  survey  were: 

1.  The  Normal  distribution  is  not  an  accurate  representation  of  the 
fatigue  life  basic  scatter.  In  particular  for  lives  beyond  *2o  from  the  mean, 
see  Figures  21  to  31  In  the  Appendix,  whure  o  Is  the  population  standard 
deviation.  On  the  basis  of  the  test  data  surveyed,  the  following  expressions 
were  derived  as  representative  of  fatigue  life  basic  scatter, 

frequency  Distribution: 

-d.  | x j  -d2  | x j  -d3  | x  | 

#/M\  .  n  *  I  *  1  .  #•  _  t  '  x  A  1  1  ftJ\ 


f (x)  -  C^e  1  +  C, 


♦  C3e 


where. 


x  *  (log  N  -  log  N)/o\ 
o  -  [l(log  N  -  fogN)2/^-!)]5* 


f(-  )  -  f(x) 
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Cunu’atlv.;  Probability  Distribution: 


F(-x)  -  A^e 


“*1  |*|  -«<2  1*1 
'  +*2®  +V 


,  x<ll 


■>  4  «  *  _<t  %  _ 

r\*i  *  )  *  r^K/„  n^u 

where  A,  C,  and  d  are  constants,  a  function  of  a,  with  a  recommended  upper 
Halt  of  o  «  0.75: 

Aj  -  1.587v®  d1  -  1 .3  ♦  0.86  S? 

Ag  -  0.015  d2  -  0.28  *  0.44v®~ 

Aj  -  0.485  -  1.687^  d3  -  1.09  +  2.16vS" 


and, 

C,  -  8|d-|,  C2  -  Ajdj,  C3  -  A3d3 

•) 

The  differences  between  the  Normal  and  the  derived  distributions  are  clearly 
Illustrated  by  Figures  32  and  33  In  the  Append 1  .  Table  1  presents  probability 
of  failure  values  of  the  derived  distribution  for  selected  a  values.  If  It  Is 
assuaed  that  the  basic  fatigue  scatter  has  a  universal  distribution,  then, 
vocations  (7)  and  (8),  based  on  aluminum  alloys  test  data,  can  be  also  con¬ 
sidered  to  be  applicable  to  other  materials. 

2.  Under  constant,  amplitude  loading  the  standard  deviation  varies  as  a 
function  of  life  and  specimen  type,  see  Figure  38  In  the  Appendix.  These 
standard  deviation  values  are  recomeended  for  use  as  representative  population 
standard  deviations  In  the  statistical  evaluation  of  fatigue  test  $-N  data. 

3.  Under  spectrum  loading,  a  population  standard  deviation  of  0.14  Is 
rec (amended  for  sse  in  the  statistical  evaluation  of  the  basic  life  scatter 
of  notched  specimen  end  structures. 

If,  for  the  moment,  the  population  true  mean  life,  N,  and  the  standard 
deviation,  o,  are  asstmed  to  be  known,  basic  fatigue  life  scatter  factors  with 
respect  to  the  naan  life,  for  a  specified  probability  of  failure,  p.  can  be 
calculated  as, 

SF|p  ■  S/«p  (!) 

N  ■  Life  corruipoodlng  to  a  specified  probability  of  failure. 

r 
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f  V  mV 

l  ,V/ 


log"*  -  log  Up  ■  npo 
log  (N/Wp)  -  »po 

SF|p  -  (H/Wp)  -  Antilog  (npo).  Hp  <  N  (11) 

*  (H  /N)  *  Anti log  (mo),  N  »  N 

P  P  P  /  I 

Figure  2  presents  the  basic  fatigue  life  scatter  factors  with  respect  to 
the  mean  life,  as  calculated  by  equation  (11),  for  the  Normal  and  the  test 
data,  equation  (8)  probability  distributions  for  selected  values  of  a. 

The  relatively  large  differences  between  the  Normal  and  test  data  distribu¬ 
tion  scatter  factors  as  well  as  the  high  scatter  factors  of  the  test  data 
distribution  at  low  probabilities  of  failure  must  beMrtetied  In  the  light  of 
relatively  large  samples  of  data.  In  effect,  theoretically,  of  sample  sizes 
approaching  Infinity. 

1.1  Mean  Life  Estimation.  If  a  number  of  tests  are  performed  on 
'  .dentlcal'1'  specimen  under  'Identical*  loadings,  the  resulting  test  data 
sample  of  size  n  provides  Information  for  the  estimation  of  the  Intervals 
or  regions  which,  with  a  certain  confidence  level,  can  bg  expected  to  contain 
the  true  population  parameters  of  Interest:  mean  life,  N,  and  standard 
deviation,  o.  The  Interval  decreases  with  Increase  In  sample  size  and 
decrease  In  confidence  level.  As  pointed  out  In  References  1  and  6,  for 
any  reasonable  estimate  of  the  population  parameters,  sample  sizes  of  at 
least  n  ■  3  or  f  and  n  ■  10  are  needed  for  the  estimation  of  H  and  a, 
respectively.  The  concept  of  a  confidence  Interval  is  often  stated  as: 

"For  a  given  confidence  level,  c,  the  probability  that  the  true  population 
parameter  lies  within  the  Interval  so  calculated.  Is  c.”  In  other  words. 

If  the  Intervals  with  confidence  level,  c,  were  calculated  for  a  large 
number  of  samples  which  came  from  the  same  population,  the  true  population 
parameter  would  be  Included  1 1  V  per  cent  of  these  Intervals. 

For  the  population  which  Is  normally  distributed,  the  population 
mean  confidence  Interval  or  region  can  be  calculated  from  the  sample  data  In 
a  nmober  of  different  ways  which,  unfortunately,  give  the  same  number  of 
different  results.  Before  listing  several  of  these  expressions,  It  should  be 
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noted  that  in  the  fatigue  life  calculations  and  predictions  the  main  Interest 
lies  in  the  lives  shorter  than  the  mean  and  associated  low  probabilities  of 
failure.  Consequently,  there  Is  no  reason  to  consider  the  confidence  on  an 
interval,  but  rather,  the  confidence  on  the  minimum  value  of  the  Interval.  In 
the  following  discussion,  the  notation  for  confidence,  r.  uin  imply  the 
singular  confidence  limit,  where  the  relationship  between  the  confidence 
Interval  level,  y,  and  c.  Is 


c  ■  (1  ♦  y)/2  (12) 

where,  c  and  v  are  prt portions,  0  <  (c,  y)  <  1,  The  most  generally  used 
expression  for  the  calculation  of  the  confidence  Interval  minimum  mean  life 
Is,  per  Reference  1, 

UkTNj.  -  Tog_N1  -  tc  (SjAjh)  (13) 

where, 

n  *  sample  size 


log  Nj  ■  sample  mean 

*  (£  log  rtj)/n,  j  *  1,  2,  3  ...  n 

*  sample  standard  deviation 

-  [(£  (log  Nj  -  Tog~R^)2)/(n  -  1  )]** 

t  *  Student's  fc  distribution  t  value  for  (n  -  1) 
degrees  of  freedom  and  confidence  c.  Ref.  1, 

Table  29.  (In  Ref.  1,  c  ■  Bz). 

Another  expression,  based  on  the  concept  of  confidence  region,  and  a  joint 
estimate  of  the  population  mean  and  standard  deviation,  as  defined  In 
Reference  7,  can  be  written  as, 

TogTc  -  IogT»1  (x2/df)Jf  ]  (14) 

where, 

n  ■  Number  of  standard  deviations  from  mean  corresponding 
C1  to  (l-c-|)  cumulative  probability  of  failure;  |x|  in 

Figure  32. 

Cj  »  Mean  life  confidence  level 

(x  >***)  •  (x2/^fi  values,  Ref.  1,  Table  30,  cdrt'espondlng  to 

*  (n  -  1)  degrees  of  freedom  for  100  (1  -  c9)  percentile 


standard  deviation 


c*_, 


Ki 


c  ■■  CjCj,  *  confidence  level  nf  the  region 


*  jviTit  prutiDui  i  r  fcj  ui  ana  sisnflsro 

deviation  confidence  levefc. 


A  trprd  expression,  based  on  n  known  pop^laSjon  standard  deviation, 

can  be  written  as,  " 

log  Nc  ■  log  -  mcoA/n 


o. 


where. 


05) 


ra  *  Number  of  standard  deviations  from  meon  corresponding 
c  to  (1  -  c)  cumulative  probability  of  failure;  |x|  In 
Figure  32. 

This  expression  Is  based  on  the  fact  that  If  random  samples  are  chosen 
from  a  Normal  population,  then  the  quantity 

(Tog~N1  -  logli)/(a/.Jh) 

Is  Normally  distributed  with  zen  mean  and  a  standard  deviation  of  unity. 

As  an  Illustration  of  tl.j  mean  life  estimation  by  the  three  expressions, 
equations  (13),  (14)  and  (15),  two  typical  aluminum  alloy  constant 
amplitude  loading  fatigue  test  samples  are  chosen: 


Sample  1 

Semple  2 

Ref 

7 

35 

Specimen 

Notched  Sheet,  -  4 

Riveted  Lap  Joint 

n 

13 

3 

log  N1 

5.05 

4.927 

", 

112,000 

84,500 

S1 

0.335 

0.091 

Calculation  of  the  expected  population  minimum  life  for  the  confidence  level 
c  -  0.95  gives  -.ne  following  results  for  the  first  sample: 

£q.  (13),  Student’s  t  distribution, 

To9~Nc  ■  5.05  -  1.78  (0.335M3)  •  5.05  -  0.165  •  4.885 

Rc  *  76,700  cycles 
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Eq.  (14),  Confidence  region,  joint  probabllltv  confidence, 
c  -  c,  x  c2  -  0.975  x  0.975  *  0.95 

Tog"N  «  5.05  -  (1.96  x  0.335)/[(/l3)  >/(0.367)]  *  5.05  -  0.301  =  4.749 
c 

N  *  56,100  cycles 
c 

Use  of  Eq.  (15)  requires  the  knowledge  of  the  population  standard  deviation, 
a.  If  the  a  values  calculated  from  very  large  samples  of  test  data,  such  as 
those  presented  by  Figures  34  and  35  in  the  Appendix,  can  be  assumed  to  be 
representative  true  population  values,  then  the  mean  life  estimates  by 
Eq.  (15)  become, 

a  »  0.35,  Ref.  Fig.  34,  based  on  notched  specimen  data  for 
N.|  =  112,000  cycles 

ToiTN  -  5.05  -  1.65  (0.35)/ vHT  *  5.05  -  0.16  *  4.89 
c 

N  =  77,600  cycles 

C 

or  if,  a  *  0.29,  Ref.  Fig.  38,  based  on  combined  unnotched  and  notched 

specimen  data  for  R.j  =  112,000  cycles 

TogU  =  5.05  -  1.65  (0.29)/ \A3  »  5.05  -  0.133  »  4.917 

_  i 

N  *  82,600  cycles 

Similarly,  for  the  second  sample,  population  mean  life  estimates  for 
c  *  0.95,  by  the  three  expressions  are: 

Eq.  (13),  Student's  t  distribution,  Nc  *  59,400  cycles. 

Eq.  (14),  Confidence  region,  joint  probability  confidence,  Nc  =  19,000  cycles. 

Eq.  (15),  Population  standard  deviation  known  (o  *  0.14  for  structural  compo¬ 
nents  at  N.j  *  84,500  cycles.  Ref.  Figure  38),  Nc  =  62,200  cycles 

If  we  tabulate  the  results  of  the  two  samples. 


Sample  1 

Sample  2 

1 

;  rs 

ii 

H 

1 

13 

0.335 

112,000 

3 

0.091 

84,500 

Eq. 

a 

"c 

<VSc> 

a 

"c 

■sm 

13 

76,700 

1.46 

59,400 

Hr* 

14 

56,100 

2.00 

19,000 

15 

0.35 

77,600 

1.44 

0.14 

62,200 

1.36 

15 

0.29 

82,600 

1.36 
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and  define  (Nj/N^  *  SF|C  as  the  scatter  factor  for  the  population  mean  life 

estimation  with  respect  to  sample  mean  with  confidence  c,  we  observe  that 
equations  (13)  and  (15)  define  approximately  the  same  population  mean  life 
estimates  whereas  equation  (14)  gives  a  rather  conservative  estimate.  Of  the 
three  expressions,  equations  (13),  (14)  and  (15),  the  strongest  estimator  Is 
equation  (15),  provided  the  population  standard  deviation,  o,  Is  known.  Equa¬ 
tion  (14)  Is  a  weak  and  conservative  estimator  based  on  confidence  Interval 
estimates  of  the  population  mlnlmmt  mean  and  maximum  standard  deviation  values. 
Consequently,  when  the  population  standard  deviation  is  known,  such  as  the 
values  presented  for  aluminum  alloys  In  the  Appendix,  use  of  equation  (15)  Is 
recommended  for  population  mean  life  estimates.  Use  of  equation  (15)  with  the 
derived  basic  scatter  distribution,  equation  (8),  rac  =  |x|  values,  is  also 

recommended.  One  other  advantage  of  equation  (15)  is  that  mathematically  the 
mean  life  estimate  can  be  obtained  from  a  sample  size  n  =  1.  When  o  Is  not 
known,  then  equation  (13)  should  be.  used  for  mean  life  estimation.  This  pro¬ 
cedure  of  estimating  the  population  mean  life  for  a  specified  confidence  level 
Is  recommended  for  the  establishment  of  the  median  life  S-N  curves  used  for 
cumulative  damage  calculation  and  life  prediction.  When  a  structural  element 
life  Is  predicted  analytically  using  the  linear  cumulative  damage  rule,  the 
predicted  life,  correspondlngjto  damage  of  1.0,  can  be  most  correctly  taken 

to  reoresent  the  median  life  N„  with  the  confidence  level  c  of  the  S-N  data. 

c 

1.2  Scatter  Factors  with  Respect  to  Sample  Mean  Life.  Given  a  sample 
*of  size  n  and  the  sample  mean  life,  N^,  and  standard  deviation,  S^,  as  calcu¬ 
lated  by  equations  (4)  and  (5),  the  life  N  ,  corresponding  to  the  probability 

cp 

of  failure,  p,  and  confidence  level,  c,  can  be  calculated  In  a  number  of 
different  ways,  similar  to  the  estimation  of  the  population  mean  life.  Again, 
for  comparison,  three  different  expressions  are  presented  for  the  calculation 
of  N  ,  assuming  that  the  sample  comes  from  a  Normally  distributed  population. 

cp 

1.  Based  on  the  non-central  t  distribution.  Table  33  in  Reference  1, 
presents  'one-sided  tolerance  factor'  k  where, 

k  *  f(n,  p,  c) 


and 


log  %  -  log  N,  -  kcp  $,  (16) 

where  In  Reference  1,  Table  33,  p  «  percent  survival  and  c  =  y. 

2.  Based  on  the  concept  of  the  confidence  region  and  a  joint 
estimate  of  the  population  mean  and  standard  deviation,  as  defined  in 
Reference  7,  using  equation  (14)  for  vhe  population  mean  life  estimate  and 

the  relationship  of  equation  (10)  with  a  -  S./CX^/df}*5 

i  c2 
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log  Ncp  -  I09  Hc  -  »po 

*  ToglT|  -  [(»c  s,)//n  (x2/df)p  ]  -  (mp  S,)/(xZ/df)^ 

1  2  2 

«  login  -  CSi/(x2/df ]  [m  A/n)  +  m  l 

c2  c]  p 

where, 

c  *  c,  x  c.  and  the  other  parameters  as  defined  for 
1  c  equations  (10)  and  (14). 

3.  If  the  population  standard  deviation  Is  assumed  to  be  known, 
then,  using  equation  (15)  for  the  population  mean  estimate,  and  the  relation¬ 
ship  of  equation  (10), 


1°9  Ncp  «  log  Nc  -  mpo 

•  log  Ni  -  (mco/Jh)  -  mp 

•  log  N1  -  o[(m C/Jn)  +  mp]  -  (18) 

Tbs  scatter  factors  with  respect  to  the  sample  mean,  based  on  equations 
(16),  (17),  and  (18)  are, 

SFI«  -  <vv 

•  Antilog  (S^)  (19) 

-  Antilog  tS./(x2/df)*5  ][»,  Afn)  +  ml  (20) 

i  c2  C1  p 


*  Anti  log  o  [(mc/\/n)  +  mp] 


(21) 


Table  2  presents  scatter  factors,  based  on  the  test  data  samples  used  for  the 
mean  life  estimate  Illustration,  as  calculated  by  equations  (19),  (20)  and 
(21).  Similar  to  the  population  mean  life  estimate  expression,  equation  (14), 
based  on  the  confidence  region  concept,  equation  (20),  based  on  the  same 
concept.  Is  a  weak  and  unrealistically  conservative  expression  for  the  cal¬ 
culation  of  basic  fatigue  scatter  factors  with  respect  to  the  sample  mean* 
Equation  (21)  is  the  strongest  and  most  general  expression  for  the  calcu¬ 
lation  of  such  scatter  factors,  provided,  the  population  standard  deviation, 
a.  Is  Scnown.  Therefore,  when  c  Is  known,  such  as  the  values  for  aluminum 
alloys  presented  In  the  Appendix,  use  of  equation  (21),  together  with  the 
derived  basic  scatter  distribution,  equation  (8),  properties  for  m_  and  cu 
values,  is  recommended  for  the  calculation  of  the  basic  fatigue  scatter  p 
factors.  Table  3  presents  scatter  factors  calculated  by  equation  (21),  a  « 
0.14,  for  selected  values  of  n,  c  and  p.  For  comparison  purposes,  the  scatter 
factors  yore  calculated  on  the  basis  of  the  Nonna]  and  test  data  derived. 
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equation  (8),  distributions.  The  difference  between  the  two  distributions  is 
clearly  Illustrated  In  Figure  3  for  c  *  0.95.  The  sta  erd  deviation  of  o  * 
0.14  Is  a  representative  population  standard  deviation  value  for  aluminum 
alloy  notched  specimen  and  structures  under  spectrum  loading,  see  Appendix. 

2.  Fatigue  Life  Scatter  Under  Operating  Conditions 

Fatigue  life  scatter  of  a  structural  element  in  a  fleet  of  aircraft,  ih 
addition  to  the  basic  fatigue  scatter.  Is  also  a  function  of  the  applied  loads 
and  environment  variation  between  Individual  aircraft.  No  two  aircraft  experl 
ence  'Identical'  loadings  or  environments.  Thus,  the  probability  of  failure 
of  a  structural  element  in  a  fleet  of  aircraft  is  a  function  of  two  variables: 

1.  Basic  Fatigue  Scatter  -  N 

2.  Applied  Loads  -  Environment  Variation  -  L 


Consequently,  the  probability  of  failure  of  a  structural  element  in  a  fleet 
of  aircraft  at  a  specified  life  Nj  is  a  joint  probability  distribution  func¬ 
tion  of  two  dependent  variables: 

p(Nj)  -  jPfNjL^  *  *  p(Mj |Li)  x  p(Li)  (22) 

where,  p(N^|L^)  ■  probability  of  failure  at  given 

-  p(NjL1)/p(Li)  (23) 

*  basic  fatigue  scatter 
p(Lj)  «  probability  of  occurrence  of 


*  applied  loads  -  environment  variation. 


Then  the  cumulative  probability  of  failure  at  a  specified  life  N*»  l.e.,  the 
probability  of  failure  In  the  life  Interval  0  <  N  <  Nj,  Is:  J 

p<Nj) « *  pfNj)  m) 

The  concepts  of  a  joint  probability  distribution  and  the  calculation  of 
operational  life  scatter  factors  are  Illustrated  In  Figure  4.  Here,  the 
concept  Is  presented  for  the  discrete  case  where  the  probability  p(L^) 

represents  the  probability  of  experiencing  load  spectrum  ,  where  may 

represent  an  average  load  spectrum  over  a  discrete  Interval  &LiS  and  the 

probabilities  p(N^ j ) ,  p(NjL^)  and  p(Nj)  represent  the  probability  of  failure 

over  a  discrete  life  Interval  &Nj.  The  calculation  of  the  operational  life 

scatter  factors  consists  of  five  basic  steps: 


1.  Definition  of  the  applied  loads  spectrum  probability  distribution., 
p(L,h  where  Is  a  measure  of  the  spectrum  magnitude. 


2.  Calculation  of  life  probability  distribution  for  each  L|  spectrum, 
p(NJLj).  The  procedure  consists  of  calculating  the  mean  life,  K^,  for  each 

specified  applied  loads  spectrum,  U,  and  then  calculating  the  probability 
distribution  with  respect  to  the  mean,  using  an  acceptable  basic  fatigue 
scatter  distribution.  Calculate  the  p(N.|L.)  values  for  each  distribution 
corresponding  to  the  same  Interval. 

3.  Calculation  of  the  joint  probability  distribution, 
p(NjLl)  *  Pdljll*)  *  Re¬ 
calculation  of  the  operational  life  probability  distribution, 

tP<"jL1>- 


4. 


p(Nj) 


5. 


where. 


f  ' 


Calculation  of  the  operational  life  scatter  factors, 

SFip  *  <vv  <25> 

Nc  »  Mean  operational  life  corresponding  to  zP(Nj)  *  -5 

p  «  Probability  of  failure,  corresponding  to  a  specified 
life  N.,  from  the  cumulative  probability  distribution, 

£p(Nj). 

c  *  Confidence  level  of  the  basic  S-N  data  used  in  the  life 
prediction  In  Step  2. 


The  cumulative  probability  distribution  £p(Nj)  can  be  obtained  directly  in 

step  4  by  calculating  the  conditional  distributions  p(Nj|L^)  in  step  2  as 
cumulative  probabilities. 


The  unknown  In  this  problem  is  the  p(Nj)  marginal  distribution,  given 

the  applied  loads,  p(Lj),  and  the  corresponding  life,  p(fij|Lj)  distributions. 

However,  if  it  can  be  assumed  that  life  prediction  for  a  specified  loads 
spectrum,  Lr  is  possible  and  the  basic  fatigue  life  scatter  distribution  is 

kr.oKn,  the  real  unknown  of  the  problem  is  the  applied  loads  distribution, 
p(L.,) .  A  truly  statistical  treatment  of  the  applied  loads  spectra  variation 

among  individual  aircraft  in  a  fleet  of  aircraft  is  almost  nonexistent. 
However,  a  recent  paper  by  Bouchard,  Reference  3,  Indicates  a  growing  interest 
In  the  area  of  individual  aircraft  applied  loads  spectra,  and  It  is  hoped 
that  in  the  future  the  appropriate  agencies  collecting  operational  loads 
data  will  evaluate  and  present  the  data  in  terms  of  individual  aircraft 
experiences.  From  such  data,  it  would  be  possible  to  construct  applied 
loads  probability  distribution  models  for  specified  types  of  aircraft  and 
missions,  or  a  mix  of  missions  that  a  certain  type  of  aircraft  would  be 
expected  to  perform.  A  complete  definition  of  the  operational  loads  spectrum 
■should  include  at  least: 


Xncmaental  loads  spectrurr.  frequency  and  magnitude. 


c.  Gperiiionii  l.ug  loads  Hgniaidii  ino  rrequuncy, 

3.  Landing  freouency. 

It  Must  be  also  noted,  as  an  obvious  conclusion  from  the  above  disc*  >s1on, 
that  for  Most  aircraft  and  structural  elmwnts,  'flight  hours'  Is  not  the 
absolute  Measure  of  the  fatigue  life.  Life  Measure  In  terms  of  'flight  hou.  V 
Must  be  always  associated  with  the  various  applied  loads  spectres  paraMeters, 

imlin  In  caacinc  ucf  INK  in*  11TB  OT  UN  SiniCtUTI  I  element. 

For  the  purpose  of  Illustration.  Figure  5  presents  «  joint  probability 
distribution  node!  based  on  the  following  assumptions: 

1.  Applied  loads  spectrue  distribution,  p(Lj)  Is  Nonml. 

7.  Conditional  life  distributions,  p(Nj|L^)  are  log  Normal  and  have 
the  turn  log  standard  deviation,  a 

3.  The  »wnn  life  loo  IN.  of  P(NjjLg )  distributions  varies  linearly  with 

»/j,  where  fog  Nj+i  -  log  Mi  -  this  Is  a  purely  hypothetical  assumption 

and  In  retrospect  defines  the  magnitude  of  Li  values.  In  real  problems, 

Ni  -  f(Li). 

4.  The  p(L|)  and  p(Nj |Lg)  distributions  wars  truncated  at  p±3.5o. 

Because  of  the  assumptions  Made  In  constructing  the  probability  Model  of 
Figure  5,  the  resulting  joint  distribution  Is  a  Bivariate  Noraal  Distribution 
and  the  marginal  life  distribution,  p(N)  is  also  Normal.  The  subject  of  the 
Bivariate  Normal  Distribution  Is  discussed  In  Reference  4  by  Hoel.  The 
Important  properties  of  the  Bivariate  Normal  Distribution  are:  the  marginal , 
conditional,  „ :d  the  Joint  distributions  are  Normal,  all  conditional  distri¬ 
butions  have  the  same  standard  deviation,  and  the  mean  of  the  conditional 
distributions  varies  linearly.  All  of  these  properties  mat  be  set  if  the 
marginal  life  distribution  p(M)  1$  to  be  Normal.  However,  In  most  realistic 
operational  life  probability  problems  all  properties  of  the  Blvailate  Normal 
Distribution  will  not  be  satisfied,  principally,  the  normality  of  the  p(L) 
distribution  and  the  linear  variation  of  the  mean  of  the  p(NfL)  distributions. 
As  stated  earlier,  the  marginal  life  distribution  p(N)  of  Figure  5  Is  log 
Normal  and  the  resulting  properties  of  the  distribution  and  the  operational 
life  scatter  factors  can  be  calculated  In  the  following  manner: 

1.  The  scatter  factors,  SF |p  -  S^Np,  can  be  directly  calculated  free 
the  marginal  p(N)  distribution,  where 

!r  •  Hargik.il  distribution  mean  life  associated  with  the  confidence 
level,  c,  of  the  basic  S-N  data  used  In  calculating  the  conditional  distri¬ 
bution  mean  lives,  Nf. 

Np  -  Antilog  [log  Nc  -  ■p(®gjL)3  (24) 
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where 


,  n_  -  Nwwbar  m  etnh  deviations  from  the  swan,  Nc  corres- 

9  ?^ins  to  lAe  probability  of  failure  p  •  rp(Nj)  In  Figure  5. 

«  jlng  hj  -  log  *c, 

®N|L 

and.  according  to  equation  (11), 

Sr|£  •  (Nc/»y  *  Anti  log  <  l*pl<,K|L>  *  Hp  <  Mc 

This  Is  a  general  expression  for  (^rational  Ufa  scatter  /actors  lien  the, 
joint  probability  function  Is  Bivariate  Noreal.  It  should  be  noted  *hat  a. 
refers  to  the  conditional  distribution:  p(Wll),  standard  deviation  opu  . 
and  not  to  the  Marginal  lift  distribution  p(N)  standard  deviation  op. 

2.  The  standard  deviation,  op,  of  the  p(N)  distribution  can  be  cal¬ 
culated  from  the  general  properties  of  the  Bivariate  boreal  Distributor 
as  presented  In  Reference  *>: 

**  *  •mil  p2)  iz1 

where,  p  *  °pL^|f  i  m  correlation  coefficient  (2S) 

oML  -  Covariance  of  the  jjlnt  distribution 


)  j  (Hj  -  n)  (L|  -  l)  ptfljl,) 


(29) 


However,  ^  can  be  easier  calculated  by  the  expres«icr\ 
->«  *  <“i  "KIl'/’p 


litre. 


w  Hunker  of  «HjL  from  the  Mean,  tt,  corrwspordlng  to  p  ■  Ep(H 
in  the  Marginal  life  distribution  In  Figure  5. 


S 


) 


»  •  Hunker  of  o  fren  th*  Mean  of  a  Boreal  distribution 
p  corresponding  to  p  •  cp(Nj).  This  value  can  be  obtained 

free  Figure  32  In  the  Appendix,  up  *  lx}. 


Far  the  joliu  distribution  of  Figure  5,  for  p  *  ip(hj) .«  0.0415,  *  2.5 

anihfe**  UTt,  inr  therefore. 

p  »  .  »•*>¥ :  ••  r  .  i ;* 

«.  •  *•»  ■  ’•«  «■».  *  • .... 
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Titus,  for  tbn  assumed  p(L)  distribution  ar»d  the  resulting  variation,  this 

expr.vslon  for  is  villd  for  any  o 

distributions.  C-inse.-uently ,  i;he  operational  iire  scatter  rectors  in  term  of 
oN  can  ba  calculated  as. 


I,  value  which  Is  constant  for  all  p(N | L ) 


SFj!;  -  («C/K  '  -  Ant  log  {i®p|aN) 
O'  Antilog  (i-43|«p|oNjL) 


(32) 


In  the  fatloue  test  data  survey,  as  presented  In  the  Appendix,  <?N|^  -  0.14 

was  found  to  be  representative  of  the  basic  fatigue  life  scatter  of  notched 
specimen  and  structures  under  soectrum  loadings;  also  a  o  ™  0.20  was  calculated 
for  the  test  life  scatter  under  spec true  loadings  of  full-scale  structures  which 
had  experienced  previous  service  loadings,  and  thus,  the  value  of  o  *  0.20 
reflects  not  only  the  bailc  fatigue  scatter,  but  also  the  variability  of 
applied  loads  spectrum  of  Individual  aircraft.  It  Is  Interesting  to  note  that 
fir  the  Joint  distribution  of  figure  5,  for  a  value  of  *  0.14,  •  1.43 

(0.14)  »  0.20.  This  apparent  correlation  of  the  two  values  with  the  test 
data  survey  results  can  be  considered  to  be  coincidental,  since  the  joint 
distribution  was  based  on  purely  hypothetical  assumptions.  Nevertheless, 

It  indicates  that  the  concept  of  the  operational  life  scatter  as  a  function  of 
the  joint  probability  distribution  of  the  basic  fatigue  scatter  and  applied 
loads  variation  Is  a  realistic  approach  for  the  establishment  of  operational 
life  scatter  factors.  The  values  of  the  scatter  factors  for  oN  •  .20  of  a 

Normal  distribution  can  be  drectly  read  from  the  o  •  .20  curve  of  Figure  2. 

If  the  Normal  conditional  life  distribution,  p(NjL),  In  Figure  5  Is 
replaced  by  the  basic  fatigue  scatter  distribution  derived  from  fatigue  test 
data,  equation  (8),  -  .14,  the  resulting  joint  and  marginal  life  dis- 

trlbutlons  are  shown  In  Figure  6.  The  resulting  operational  life  scatter 
factors  from  the  two  Joint  distributions.  Figures  5  and  6,  •  .14  are 

shown  In  Figure  9.  The  probabilities  of  failure  of  the  two  distributions  for 
selected  scatter  factors  are: 


SF  -  ii/Np 

■ 

r  Probability  of  Failure  -  % 

_  . 

Bivariate 

p(L)  -  Normal 

Normal 

p(N|l)  -  Test  Data,  Eq,  (6) 

1.5 

19.0 

17.0 

2.0 

6.7 

6.4 

9.0 

.83 

1.2 

4.0 

.13 

.46 

5.0  1 

.02 

.25 
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As  *  final  Illustration  of  the  operational  fatigue  life  scatter  joint 
pro  ability  distribution  concept,  a  military  trarspc5*t  alrr  *>ft  service 
laliure  history  case  was  considered.  In  the  course  of  fatigue  analysis  of 
this  aircraft.  Reference  5,  service  records  Indicated  that  th«  utiHratUi 
or  the  aircraft,  as  It  affects  fatigue  life,  varied  greatly  for  certain 
groups  of  aircraft.  All  aircraft  were  divided  Into  five  groups  according 

to  th»lr  av*ir«M  ttlSIlStiSS:  tnd  fiVC  different  l5id3  SpC-Ctia  mrr  uc fined 

for  the  five  groups.  Table  4  presents  a  general  description  of  the  five 
utilizations  and  the  resulting  predicted  mean  lives  for  the  wing  spar  cap 
element  at  a  structural  discontinuity.  Figures  7  and  8  show  the  joint 
probability  and  Marginal  life  distributions  based  on  the  applied  leads 
distribution.  p(L^),  and  the  mean  lives,  Rj,  of  Table  4.  doth  distributions 

are  based  on  <ig|L  *  .14;  however.  Figure  7  Is  based  on  p(N|L)  Nonas! ,  while 

Figure  8  p{N|L)  distribution  Is  the  test  data  distribution,  equation  (8). 

The  joint  distributions  are  not  shown  for  lives  N  >  30,000  flight  hours 
since  the  aaln  Interest  lies  In  lives  shorter  than  the  nean.  The  resulting 
scatter  factors  of  the  two  distributions  are  shown  In  Figure  P.  The  Most 
Interesting  aspect  of  these  operational  lifa  scatter  distributions  Is  their 
comparison  to  the  wing  spar  cap  service  failure  history.  When  the  fleet  of 
approximately  395  aircraft  were  Inspected  for  fatigue  cracks  In  the  wing  spar 
cap,  44  of  the  subject  elements  were  found  to  contain  cracks  of  various 
ler;*h$.  At  the  time  of  Inspection,  the  fleet  average  flight  tine  was 
approximately  11,500  flight  hours.  Individual  aircraft  fight  time  ranged 
from  approximately  7,000  to  18,000  flight  hours.  Table  5  presents  the  flight 
time  history  of  the  aircraft  at  Inspection  and  the  service  and  predicted  fail¬ 
ure  distributions.  A  fairly  good  agraement  exists  between  the  predicted  and 
the  actual  total  number  of  service  failures:  39  predicted  versus  44  actual 
failures.  The  failure  probability  distributions,  as  shown  In  Figure  10  exhibit 
good  agreement  between  predicted  and  actual  failures  In  view  of  the  accuracy 
of  fatigue  analysis  life  prediction  and  lack  of  detail  Information  about 
service  failure  crack  lengths.  It  Is  to  be  notzd  that  the  theoretical  proba¬ 
bility  distributions  predict  visible  crack  Initiation  whereas  numerous  service 
cracks  had  propagated  beyond  this  stage.  Thus,  in  view  of  the  fact  that  a 
number  of  service  cracks  must  have  Initiated  at  an  earlier  time  thrn  they  were 
discovered  during  the  particular  fleet  Inspection,  the  probability  distribution 
of  Figure  10,  based  on  p(NjL)  test  data  distribution.  Is  considered  to  be  a 
valid  representation  of  the  fatigue  crack  Initiation  life  distribution.  Typi¬ 
cal  scatter  factors  and  associated  probabilities  of  failure  for  this  operational 
life  distribution,  see  Figure  9,  are: 

5F  -  U/Np  Ep(Nj)  -  X 

2.0  4.1 

3.0  0.85 

4.0  0.37 

In  conclusion,  it  appears  that  the  operational  life  probability 
distribution,  based  on  the  joint  probability  distribution  of  the  basic 
fatigue  scatter  and  applied  loads  variations  is  a  valid  concept,  and  perhaps 
die  most  promising  concept  in  defining  operational  life  requirements  for 
fatigue  analysis  and  design  of  aircraft  structures.  If  an  operational  life 
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joint  probability  distribution  made,  can  be  constructed,  os  illustrate  by 
Figure  4,  then  all  of  the  probability  of  failure  Information  about  e  fleet 
of  aircraft  Is  completely  defined: 


Ep(HJ  -  cumulative  probability  of  failure  In  a  fleet  of  aircraft  at 
J  time  Hi,  l.e.,  ZpCN^)  specifies  the  proportion  of  the  fleet 

that  can  be  expected  to  Initiate  a  fatigue  crack  In  a  structural 
element  under  conslderatlor  In  the  time  Interval,  0  <  K  5. 


JpOljll^)  -  cumulative  probability  of  failure  at  time  of  an  aircraft, 

or  a  group  of  aircraft,  given  that  the  aircraft  experience 
the  applied  loads  spectrum  Lf. 


xp(NjL{)  -  cumulative  probability  of  failure  at  time  Mj  in  a  fleet  of 
J  aircraft  due  to  spectrum  with  the  associated  probability 


p(L,). 


p(»j).  pOijL-^)  -  probabilities  of  failure,  as  defined  above, 

during  the  time  Interval  Nj  -  aN. 


ip(Nj  *  .50  Specifies  the  median  operational  life  of  the  fleet, 

J  l.e.,  it  Is  expected  that  half  of  the  structural 

elements  under  consideration  In  a  fleet  of  aircraft 
would  experience  fatigue  failures,  crack  Initiation, 
by  the  time  the  fleet  reaches  life  H  »  Nj. 


It  Is  extremely  questionable  whether  a  single  joint  distribution  can  be 
derived  to  represent  the  operational  life  distribution  of  any  fleet  of  air¬ 
craft.  The  operational  life  distribution  1$  a  function  of  the  applied  loads 
spectrum  variation  within  a  fleet  of  aircraft,  and  this  variation  Is  not 
necessarily  Identical  for  all  types  of  aircraft.  It  Is  probable  that  a  study 
of  the  applied  loads  spectruw  variation  of  many  types  of  aircraft  would  Indi¬ 
cate  a  standardization  of  the  p(L)  distribution  for  different  types  of  air¬ 
craft,  and  consequently,  standard  p(L)  distributions  could  be  used  In  the 
fatigue  design  and  analysis  of  any  fleet  of  aircraft. 


2.1  Haan  Operational  Life.  The  concept  of  the  Mian,  or  more  properly „ 
the  median,  service  operational  life  estimate  of  a  structural  element  for  a 
flaet  of  aircraft  is  self  evident  In  the  operational  life  Joint  probability 
distribution  presentation  In  this  section.  The  median  life,  Nc<  Is  the  Uj 

value  which  corresponds  to  rp(N^)  ■  .50  in  the  marginal  p(N)  distribution. 

The  confidence  level  corresponds  to  the  confidence  level  of  the  S-h  data 
used  in  calculating  the  mean  lives,  Nj,  of  the  conditional  life,  p0*jjlj>, 

distributions.  It  Is  obvious  that  this  does  not  reflect  the  confidence  level 
assigned.  If  any,  to  the  p(Lj)  distribution.  However,  If  a  confidence  level 

Is  defined  for  the  p(L^)  distribution,  then  the  operational  median  Ufa* 
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cwt  at  <ice  level,  cN.  would  correspond  to  the  Joint  probability  ot  the  two 

confidence  levels,  x  ^||_*  It  Is  to  be  noted  that  the  median  operational 

lire  dues  not  necessarily  cwrespond  io  He  mean  or  average  applied  loads 
spectrum,  t.  Thus,  prediction  of  the  pr  life  on  the  basis  of  average  utili¬ 
zation  s&ectruit  does  not  necessarily  ler  that  the  nredlcted  life  is  the 
mrdlan  er  mean  operational  life. 

3.  Operational  Life  Scatter  Factors  and  Fleet  Size 

In  the  preceding  discussions  of  the  basic  and  operational  fatigue  life 
scatter,  the  frequency  and  probability  distributions  were  defined  fer  popu¬ 
lations  approaching  Infinity  In  size.  Hur^ver,  when  dealing  with  aircraft 
fleet  sizes,  the  sizes  are  finite  and  generally  will  range  from  50  to  1.000 
aircraft.  If  a  structural  element  In  a  fle*.t  of  size  n  was  allowed  to  fall 
In  all  aircraft  and  the  time  of  each  failure  was  noted,  then,  by  arranging 
the  time  to  failure  In  Increasing  order,  the  failure  distribution  can  be 
plotted  as 

F(Nj)  *  Wj/(n+l)  ,  j  -  1,2,3. ..n  (33) 


The  life  of  the  first  failure,  fcj,  can  be  related  to  the  mean  life  of 


all  failures,  fi.  in  the  form  of  a  scatter  factor,  SF|  -  N/N,,  where 


iP 


F^) 


from  equation  (33).  Thus,  if  F(N.)  distribution  Is  compared  with  the  popula- 

tlon  probability  of  failure  distribution,  then  the  theoretically  calculated 
scatter  factor,  SF|p,  for  a  probability  of  failure  p  »  F(W,),  would  define 

the  time  to  first  failure. 


It  Is  obvious  that  for  symmetrical  aircraft  structures  there  are  two 
Identical  structural  elements  per  airplane.  Thus  for  symmetrical  structures, 
the  sample  size  which  must  be  statistically  evaluated  is  twice  the  fleet  size. 
Consequently,  reference  to  a  fleet  of  size  n  implies  the  sample  size  of  all 
Identic* *  structural  elements,  where  the  word  'Identical*  means  Identically 
designed  and  loaded  elements. 


,,  *!bl®  }  Puente  scatter  factors  for  the  time  to  first  failure  as  calcu¬ 

lated  for  different  fatigue  life  distributions  In  this  report  and  os  calculated 
by  Freudenthal  1n  Refennce  6  for  ° n  j ^  *  *14  and  fleet  size  n  ■  20  to  1,000. 

The  scatter  factors,  as  calculated  In  this  report,  ere  shown  for  the  Nomal 

for  d,e  bas1c  fatigue  scatter  and  opera¬ 
tional  life  Joint  distribution  models,  for  comparison,  scatter  factors  are 
also  Presented  for  the  basic  fatigue  scatter  model  based  on  an  estimate  of  the 

mean  life  irlth  95*  confidence  frow  test  data  sample  of  n  »  3,  Here,  as  In 

earlier  comparisons  of  the  Normal  and  test  data  derived  distributions,  the 
Normal  distribution.  In  gensral ,  results  In  cncttii>ervat1ve  scatter  factors  for 
the  tine  to  first  failure.  It  is  interesting  to  mU  that  the  scatter  factors 
based  on  the  darlved  test  data  distribution  uf  this  report  and  those  of 
Reference 6,  although,  based  on  different  distributions  and  basic  data,  are  , 
!****5ll  J"*  *tr*t  time  to  failure  s  :att  *r  factors  vary  approximately  frm  Z 

to  J  J***  JJwt  Sim  20 -t  n  <  100,  SF  w  3  to  4  for  100  <  n  <  ?C0,  an/sf  ■  4 

to  8  for  200  <  n  ■>  1000. 
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Similarly 


:  actor 


;&!c 


<1  on  th- 


fatigue  scatter  model  of  this  report  and  those  of  Reference  6  ire  w«l 
surprising  sir. re  Doth  values  ire  based  on  Mmnrwiiai.  smii«i  extieiuai  »<si#K 
distributions.  However,  the  similarity  of  the  joint  distribution  tatter 


rat  tuts  I3T  UIU  rcpvw  omu  Uiuac  Ul  nricicuvc  u  tuuiu  uc  n^ircu  oa  WVIIVVI- 

dental,  since  thw  joint  distribution  factors  are  a  function  of  the  applied 
loads  spectrum  distribution  which  can  v*ry  for  different  fleets  of  aircraft. 
Therefore,  the  joint  distribution  •  -.ept  appears  to  b1  the  most  realistic 
approach  for  the  calculation  of  the  first  time  to  failure  scatter  factors  for 
a  given  fleet  of  aircraft. 


4 .  Scatter  Factors  and  Design  Life  Requirements 

The  following  procedure  Is  recommended  for  the  specification  arrd  verlflca 
tion  of  fatigue  life  design  requirements: 

1.  Specify  the  required  life,  NR,  where,  R  ■  (1-p),  Is  the  desired 
reliability  and  p  Is  the  probability  of  failure  at  time  NR 


2.  Define  the  expected  fleet  utilization  In  terms  of  mission  profiles. 

3.  By  analysis  and/or  testing  establish  the  fleet  mean  (or  median!  life 
N  for  a  desired  confidence  level,  c. 


4.  Calculate  th<-  scatter  factor  SFj  for  the  specified  probability  of 

failure,  p. 


5.  Calculate  the  life,  Np,  corresponding  to  the  specified  probability 

of  failure,  p,  as:  Np  ■  N/(SF|p).  When  the  life  estimate  is  directly  based 

on  the  structural  element  test  results,  where  the  test  spectrum  represents 
the  mean  life  environment,  steps  (3)  and  (4)_can  be  combined  by  calculating 
Np  directly  from  the  test  sample  mean  life.  Nj,  In  conjunction  with 

p  ■  (N^/Ncp) ,  Samples  of  these  scatter  factors  are  tabulated  In  Table  3. 


SF 


6.  Calculate  the  fatigue  life  margin  of  safety  as, 

^FL  -  <VV  "  1  (34) 

7.  A  MSF|  >  0  Indicates  that  the  design  life  requirement  has  been 

satisfied.  If  H5p^  >  0,  the  probability  of  failure  at  the  required  life  is 

less  than  the  specified  value  and  It  corresponds  to  the  probability  of  failure 
associated  with  SF  ■  (N/NR).  Also,  subject  to  other  strength  requirements, 

a  MSfl  >  0  Indicates  that  structural  weight  can  be  reduced  by  Increasing  the 

design  stress  of  the  structural  element  to  a  Vevel  which  would  result  In 
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8.  A  MSp  <  0  Indicates  that  the  design  life  requirement  has  not  been 

fulfilled.  The  structural  element  must  be  redesigned  by  Improving  its  fatigue 
quality  and/or  by  reduction  of  the  design  stress  level. 

In  the  above  outline  of  the  fatigue  life  design  criteria  the  aspect  of 
the  desired  reliability  for  the  specified  design  life  requires  further  clari¬ 
fication  and  discussion.  Two  approaches  can  be  taken  In  specifying  the  desired 
reliability.  One  Is  the  concept  of  fleet  size  and  the  time  to  first  failure. 
The  other  approach  Is  to  specify  a  general  reliability  level  regardless  of  the 
fleet  size.  Since  scatter  factors  are  directly  related  to  the  reliability, 
or  more  properly,  probability  of  failure,  p,  the  difference  between  the  two 
approaches  can  be  illustrated  by  looking  at  the  scatter  factors  for  the  time 
to  first  failure  from  Table  6: 


Fleet  Size 

n 

p~  % 

100/{n+l ) 

SFI 

Ip 

20 

4.76 

1.90 

50 

1.96 

2.40 

100 

.99 

2.85 

200 

.5 

3.60 

1000 

.1 

7.70 

It  Is  seen  that  If  the  time  to  first  failure  concept  Is  used  in  specifying 
the  design  life  reliability  requirements,  a  relatively  high  probability  of 
failure  is  accepted  for  small  fleet  sizes,  whereas,  for  large  fleet  sizes  the 
scatter  factors  become  high  and  result  In  extremely  long  mean  life  require¬ 
ments.  For  example,  for  a  sample  size  of  100  the  time  to  first  failure  cor¬ 
responds  to  life  (N/2^85)  and  for  sample  of  1,000  the  time  to  first  failure 
corresponds  to  life  (N/7.7).  If  the  required  life  was  specified  to  be  = 

o0,000  1 1  ight  hours,  then  the  design  for  a  sample  of  100  would  require  a  mean 
~  30,000  x  2.85  *  85,500  flight  hours  and  for  sample  of  1000,  N  = 
oOjOOO  x  7.7  »  231,000  flight  hours.  Thus,  using  this  approach,  the  require¬ 
ments  vary  greatly  as  a  function  of  the  fleet  size.  However,  fleet  siz***;  as 
defined  in  the  design  stages  often,  at  a  later  date,  change  and  increase. 

Thus,  rigid  adherence  to  this  rule  will  not  always  be  possible  or  practical. 
Consequently,  the  designer  would  tend  to  reduce  the  probability  of  failure  for 
the  required  life  below  the  level  of  the  first  time  to  failure  on  the  basis  of 
design  stage  fleet  size  estimate.  Of  course,  this  leads  toward  the  other 
approach  of  specifying  a  generally  acceptable  reliability  level  regardless  of 
fleet  size.  In  conclusion,  it  appears  that  the  procuring  agency  should 
specify  a  general  reliability  level  on  the  basis  of  aircraft  type  and  its 
operational  requirements.  In  conjunction  with  an  increase  in  Inspection 
frequency  after  the  time  to  first  failure,  a  probability  of  failure,  p,  from 
7  a  SO  or  95Z  confidence  on  the  mean  life  estimate  appears  to 
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otfir£3s@fii>.  The  scatter  factors,  with  respect  to  the  wean  life  for  this 
range  of  protect  1 1  Sties  of  failure  vary  frum  approximately  2.5  to  5.5,  see 
Table  b  and  Figures  3  and  9.  In  the  past  the  scatter  factors  most  commonly 
us«hs  been  2,  3,  and  4.  Xt  is  interesting  to  note  the  probabilities  of 
faille  associated  with  these  factors  as  date  rained  In  this  study  and 
Reference  6.  For  a  all  *  .14  and  test  data  derived  basic  scatter  distribution, 
the  probabilities  of'failure  are: 


P  ’  * 

|  SF  - 

. .  . L  . 

2 

3 

4 

Basic  Scatter, 
n  ■  *•  ;  Fig.  2 

2.2 

.55 

.28 

Basic  Scatter, 
n  -  3,  c  «■  .95;  Fig.  3 

7.8 

1.42 

.55 

Joint  Distribution,, 
n  *  «-  ;  Fig.  9; 

Hypothetical 

6.5 

1.2 

.46 

Transport 

4.1 

.85 

.17 

i - 

Ref.  5,  n  *  «• 

7.0 

1,4 

For  «$oi  eral  purposes  ft  may  bw  stated  that  operational  life  scatter  factors 
of  2,  3,  and  4  correspond  to  approximately  5.0,  1.0  and  .5*  protufetllty  of 
failure. 


TMI  L  O 


EXAMPLES  OF  BASIC  FATIGUE  SCATTER  FACTORS 
WITH  RESPEQ  TO  THE  TEST  SAMPLE  ffeAH  LIFE 


Sample  1:  Sample  2: 

K.  *  4,  Edge-notch  AH  Alloy  Al.  Alloy  Riveted  Lap  Joint 

1  Specimen 

n  »  13  n  ■  3 

Nj  ■  112,000  cycles  Nj  ■  84,500  cycles 

*1  *  0.33f  S1  *  °*wl 

Ref.  7  Ref.  35 

Constant  Amplitude  Loading 


fl 

■ 

£ 

SFlp  ■  <*lV 

1 

Sample  1 

Sample  2 

p-X 

5.0 

■ 

1.0 

0.1 

5.0 

1.0 

0.1 

Normal  Dlstrtb. 

Eq.  (19) 

7.81 

16,3 

40 

4.96 

9.10 

18.2 

(20)  Cj  •  C2  -  .975 

(21)  cr  .  0.35 

16.10 

38.3 

100 

38.4 

94.5 

965 

5.41 

9.4 

17.4 

— 

— 

— 

«  0.29 

4.05 

6.4 

10.6 

— 

■ — 

— 

*  0.14 

. 

2.30 

2.87 

3.66 

Test  Data  DhtHb.Eq.(S) 
Eq.  (?1)  «r  •  0.35 

5.18 

12.60 

87 

! 

«  0.29 

3.91 

3.26 

50 

— 

— 

— 

•  0.14 

— 

— 

— 

2.32 

■  13! 

9.86 

&. - - - * - — 

i  - 

- - -H 

i !  !  " 

o’  values  taken  fnt  ■<  34  ipd  38 


!  87 


TABLE  3 


SFjp  -  (N i/NCp) ,  calculated  by  Eq.  (21),  a  «  .14 
■  sample  mean  Ufa 

c  »  con.'Uence  level,  singular  limit  {one  sided) 
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TABLE  5 

TlfcWSPORT  AIRCRAr  FLIGHT  TIME  AND  FAILURE  DISTRIBUTIONS 
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RSUSfc  3*  comparison  OF  basic  waiter  factors  with  respect  to 

SAMPLE  MEAN  BASED  ON  THE  NORMAL  AND  DERIVED  TEST 
DATA  DISTRIBUTIONS* 


jeep  ■  . .no ; t rages  bt*:vru*uf  ivo,  sr*‘ i  _  ? 


p(l, 


t 

: 

P(L1)^> 

1  .  -  ^ 

pp((-?)’" 

|.  1 

cd 

l~L_J 

Step  2.  Life  Distributions  for  Given  Applied  Loads  Speitra  L^ ,  p(NjL^) 

3. 


3 

P(N1|l3>- 

p^iur 

K^l3) 

p(n^|l3) 

p(n5!l3) 

2 

P(N-j  ILj) 

p(n2Il^> 

pinJl^' 

pCnJl2) 

=*“ 

p(n5Uz) 

1 

P(**1  jL'j) 

pCNgl^) 

p(N^|L^ 

S(N4|L,T 

P<«5|L|> 

a 

~T 

2 

V 

V 

5 

Step  3.  Joint  Probability  Distribution,  p(fijL^)  »  p(Nj|L^)  x  p(L^) 


L 

3 

pfN-jL^ 

PiN2L3) 

p(N,Lj 

.. 

»<Vj! 

o(N5L5) 

2 

p(N1L2) 

p(N3L2) 

p(n4l?) 

p(N5L2) 

1 

p(N^l3) 

pCn^) 

p(n3l1) 

n4l^ ^ 

p(N5L1) 

Vi 

1 

i 

3 

1  'i 

5 

Step  ■(.  Operational  Life  Distribution,  p(Nj)  *  £  ptNjLj) 


Pi*j) 

P(N|)_ 

'P(»3> 

p(n5) 

»  __ 

a 

i 

2 

3 

4 

5 

Step  S.  Cumulative  Operational  Ltf^_ Failure  Probability  and  Scatter  Factors 


FIGURE  4.  THE  CONCEPT  OF  JOINT  PR08ABIJ ITT  DISTRIBUTION 
AND  ortSAilONAL  LIFE  SCATTER  FACTORS 
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HYPOTHETICAL  OPERATIONAL  FATIGUE  LIFE  JOINT  PROBABILITY  DISTRIBUTION  - 


FIGURE  7.  ACTUAL  TRANSPORT  AIRCRAFT  OPERATIONAL  KATIGUE  LI 
PROBABILITY  DISTRIBUTION  -  p<NjL)  NORMAL  DISTfllB 


Hypothetical  Dtstrib.:  Ref.  Fig.  546 


Joint  Dlstrlb.  Predicted  Fillures: 


FIGURE  10.  COMPARISON  OF  PREDICTED  AND  ACTUAL  TRANSPORT  AIRCRAFT  STi 
ELEMENT  PROBABILITY  OF  FAILURE  DISTRIBUTION 


til  1  *  ■*•  ■  h  d  1  -  *  ■■ -  W.  ■>»■*«.!»**  ,*  >•»  £*0  V* af*.-; 


misaif  pxMSto  P4TFC  sun  r£S!*-M  CHARTS 

r«il9«e  analysis  of  aircraft  structures  U  a  complex  end  tine  consuming 
ss5.  10a  mr.rsu^  damage  calculation- n re  praaiccion  computer  program  „ 


presented  In  Part  XI  of  this  report »  Reference  3,  Is  an  efficient  engineering 

tvv!  for  vac  vAcCiitivis  of  uqvoii  lai^e  staic  iauyuQ  ennuis  prub  I  ms  • 

Nawever,  even  the  coaputer  program  Is  sometimes  a  tedious  procedure  when  quick 
approximate  life  predictions,  such  as  In  the  early  design  stapes,  oust  be 
obtained.  This  section  presents  one  possible  approach  and  examples  for  the 
development  of  general  fatigue  strength  design-damage  rate  charts  for  rapid 
estimation  of  structural  fatigue  lives.  The  computer  program  of  Reference  8 
Is  an  extremely  useful  tool  In  the  development  of  such  charts  and  was  utilized 
throughout  this  study.  Linear  cumulative  damage  rule  Has  used  for  ell  damage 
calculations. 

1.  Generalized  Loads  Spectrum  Formats 


Aircraft  fatigue  Incremental  loads  spectra  usually  can  be  represented  In 
the  following  equation  forms: 


Exponential  Distribution, 


rn.  -  £  N0  e’^J^I  .  1  -  1.2.3  ... 

^  1  '  AV  ■  o  _  AV* 


Normal  Distribution. 


-  ?  N0  e^f^l2  ,  1  -  1,2,3  ... 

3  1  1  3  AV  -  0  ....  AV* 


&y  -  0  ....  ay' 


where. 


Ay  *  Incremental  load  factor,  bending  moment,  load,  stress, 
etc.  (to  be  called  'load1  for  g*n*ril  discussion}. 

iy1  -  isrjjsst  Incremental  Irisd  In  a  spectrum. 

Zn.  ■  frequency  of  occurrence  of  the  Incremental  loads 
3  Ay  «  Ay4;  cumulative  cycles. 

a 

N  -  frequency  of  occurrence  of  all  loads  Av  >  0; 

0  cycles  per  time,  distance,  number  of  flights,  etc. 

b,o  »  spectrum  magnitude  parameter  In  units  of  ay. 

The  summation  sign  on  the  right  side  of  equations  (35)  and  (36)  Implies  that 
as  many  tanas  as  are  needed  can  Le  used  to  define  the  spectrum  accurately. 
Description  of  graphical  approximations  of  a  given  spectrum  by  these  equations 
Is  presented  In  Part  II  of  this  report,  pages  11  to  it.  Reference  8. 


.>=  cyclic  leads  fo.-  a  s  pact  run  with  ay  variable  and  ¥  constant  can  tar.c 
different  for***  in  terms  of  Ay  *n1  V,  depend  I  n<’  whether  Y  i«  the 
constant  mean,  maximum  or  minimum  spectrum  load: 


r — 3 - 

£*v/*t  ?  r 

i—  *  <— *-  k.  +- 

LOAD 

- 1 

“y 

’max 

5  win 

V 

m 

(Y  i  iy) 

V 

* 

(v  *  Ay) 

/y  M  Au\ 

Y 

max 

(Y-’-^Ay)  t  V2  Ay 

{  *  2Y 

r  a 

Y 

(Y  -  Ay) 

V 

'min 

(Y-Y’^Ay)  *  V.  Ay 

Y  -  2Y 

r  a 

+ 

I _ 

Y 

07) 

(38) 

(39) 


where,  Y  *  mean  load 

III 

“  <vMx  *  W« 

Y„.„  “  maximum  load 
max 

Ymin  *  load 


load  amplitude 

<**,  -  W« 

load  range 

2Y  »  Y  -  Y  - 
a  max  min 


Thus,  a  given  spectrum,  with  one  of  the  cyclic  load  parameters  ¥m,  Y^*,  or 
Ya1n  *  Y  "  constant,  can  be  completely  defined  In  terms  of  N0,  b"(or  o), 
ay',  and  Y  by  equations  (35)  to  (39). 

2,  Damage  flat*  Charts 

Fatigue  damage  rate  of  a  structural  element  Isa  function  of  the  applied 
loads  spectrum  wd  element  fatigue  strength  quality.  If  an  average  Kf 
value  the  empirical  fatigue  stress  concentration  factor,  can  be  considered 
be  be  a  measure  of  tin  fatigue  strength  quality,  and  the  applied  loads  spectrum 
1$  defined  by  the  parameter  described  In  the  preceding  paragraph,  then  the 
damage  rate  of  ona  term  of  aquation  (35)  or  (36)  can  be  completely  defined  as, 

(O/ig  -  f[b  (or  q)t  &y',  Y,  1^]  (40) 

and  also  &  function  of  tha  cyclic  Wads  format,  equations  (37)  to  (39). 

fo  Illustrate  the  development  and  to  present  samples  of  damage  rate  charts, 
damage  raw*  calculations  were  performed  for  a  range  of  Kf  values  as  represented 
by  7076-T6  aluminum  here  sheet  S-M  data.  The  S-Jt  data  and  tht  corresponding 
K#  values  were  taken  from  Reference  9.  A  total  of  six  iU  values  were  con¬ 
sidered,  ranging  from  1.37  to  3,64.  The  corresponding  range  of  values  Is 


42 


from  1.5  to  5.0.  The  six  S-N  diagrams ,  as  used  In  the  damage  rate  calculations, 
are  presented  by  Figures  11,  12,  and  13.  The  stresses  are  specimen  net  area 
stresses.  Figure  14  presents  a  family  of  damage  rate  curves  for  Kf  -  2.62  and 
the  spectrum  and  cyclic  loads  In  the  form  of  equations  (35)  and  (37) ;  the  symbol 
Y  Is  replaced  by  S,  for  stress,  psl.  The  damage  rate  curves  encompass  a  range 
of  b,  aS'  *  Sj.and  S  ■  Sm  values  representative  of  typical  aircraft  fatigue 
loads  spectra.  For  a  given  material ,  a  complete  set  of  damage  rate  curves 
would  encompass  a  range  of  Kf  values  representative  of  aircraft  structure 
fatlgra  quality  as  well  as  the  other  spectrum  and  cyclic  loads  formats, 
equations  (36),  (38),  and  (39).  Samples  of  damage  rate  curves  for  a  range 
of  Kf  values  and  the  other  spectrum  and  cyclic  loads  fonnats  are  shown  In 
Figures  15  and  16.  Attempts  to  normalize  a  family  of  damaye  rate  curves  Into 
a  single  general  graph  were  not  successful.  However,  one  other  form  of  pre¬ 
senting  fatigue  strength  allowables  under  spectrum  loading  Is  Illustrated  by 

Figure  17.  For  a  given  Kf,  spectrum,  and  cyclic  load  format,  the  damage 

rates,  for  one  value  of  b  or  o,  can  be  converted  Into  a  constant  life  diagram 
where  the  allowable  life,  Ns,  under  spectrum  loading  Is  the  Inverse  of  the 
damage  rate  D/N0.  Figure  1/  presents  the  constant  life  curves  of  the 

Kf  *  2.62  damage  rates  shown  In  Figure  14  for  b  *  15,000  psl.  The  prime  with 

any  cyclic  load  parameter  Indicates  the  value  associated  with  the  largest 
Incremental  load.  Ay'  *  AS',  In  the  spectrum. 

Use  of  the  damage  rate  charts  may  be  best  Illustrated  by  several  examples. 
First,  let  tis  assume  that  the  damage  rates  are  based  on  statistically  estab¬ 
lished  S-N  data  where  the  S-N  curves  represent  mean  values  with  an  associated 
confidence  level.  Thus,  the  calculated  life  under  spectrum  loading  will  be 
the  mean  life  with  the  confidence  level  of  the  S-N  data. 


Example  1.  For  a  structural  element  with  fatigue  quality  of  Kf  *  2.62, 
find  the  mean  Mfa  If  the  stress  spectrum  for  30,000  flight  hours  Is  repre¬ 
sented  by  zn  -  EN01e~As/b1  ,  1  «  1 ,2  ,  and  the  cyclic  loads  are  Sm  +  AS, 

where: 


1  N01  b^  -  psl 

1  101*  7,500 

2  3  x  105  2,500 


Sm  ~  psl  AS*  »  Sg  ~  psl 

10,000  20,000 

10,000  20,000 


The  damage  rates  for  the  two  terms  are  obtained  from  Figure  14  and  the  total 
damage  for  30,000  flight  hours  Is: 

i  D/(N0  »  105)  D/N01 

1  1.13  .113 

2  .069  .2C7 


The  predicted  mean  life  is  (30,000/. 32)  =  93,800  flight  hours. 


u  tTT? zlftl  on  has  ehft»KSS'J  In  *uch  a  manner  that  th@  stress  spectrum  for  30 .000 
r light  hours  bacomns.: 


1 

K()| 

bj  -  psl 

Sm~  PS* 

psl 

1 

rt  —  i  §•% 

7  Erti  ■ 

- 

■5  *3  nr«ft 

1  ■  ■  t  ^ 

3ft  fart.. 

-j  ** 

l 

i.'/  x  iu5 

Z.bUU 

10,000 

20,000 

3 

4  x  10J 

7,500 

15,000 

25,000 

Again,  the  damage  rates  are  obtained  from  Figure  14  and  the  total  damage  for 
30,000  flight  hours  Is: 

i  D/{H0«1tf)  0/NOj 

1  1.13  .102 

2  .069  .186 

2  4.3  .172 


The  predicted  mean  life  Is  -  30,000/. 46  -  65,200  flight  hours. 

The  above  example*,  although  for  hypothetical  spectra.  Illustrate  the 
rapidity  of  predicting  fatigue  lives  from  damage  rate  charts,  such  as  those 
of  Figure  14.  Of  course.  In  real  problems  the  spectrum  parameters  will  not 
always  correspond  to  the  values  of  the  damage  rate  curves  presented  and 
a  certain  amount  of  crossplotting  of  the  data  will  be  necessary. 

Several  aspects  of  the  damage  rate  concept  which  require  further  attention 
are  the  fatigue  quality  estimation  of  the  structural  element  and  the  availa¬ 
bility  of  statistically  reliable  S-N  data  and  the  validity  of  the  linear  damage 
ule.  At  present,  analytical  methods  ar»  not  available  to  calculate  the 
failque  quality  of  a  complex  structural  element,  whether  it  Is  measured  In 
terms  of  Kt  or  Kf .  The  quality  must  be  estimated  by  testing  the  element  or 
by  comparing  to  a  similar  element  with  a  known  fatigue  quality. 

3.  Ground- All  -ground  Cycle  Damage  Ratas 

Host  aircraft  structural  elements,  due  to  the  combination  and  sequence  of 
the  environmental  loadings  during  a  flight,  experience  a  significant  cyclic 
loading  called  tha  ground-air-ground  (GAG)  cycle.  Reference  10  presents  a 
detailed  discussion  of  the  GAG  cy  ie  concept.  The  GAG  cycle  Is  defined  for 
each  Individual  flight  by  the  maximum  and  minimum  loads  which  occur  during 
that  flight,  Including  the  ground  loads.  For  a  large  number  of  flights,  the 
GAG  cycles  will  define  a  spectrum  type  loading  because  each  flight,  theoreti¬ 
cally,  will  experience  a  different  GAG  cycle.  Such  spectrum  generally  will 
not  have  a  constant  mean,  maximum  or  minimus  load.  Consequently,  damage  rates 
for  spectre  which  exhibit  this  property,  such  as  those  presented  in  this 
section,  are  usually  not  applicable  to  the  SAG  cycle  spectrum. 
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A  typin';  transport  aircraft  it*iH:tur«l  element  GAS  cycle  cfW.tru*  Is 
show.-*  by  Figure  lb.  ?t  is  seen  that  neither-  the  ism,  inxlmum  n^t*  mlfilrwt 
cyclic  loau  is  constant  for  the  GAG  cycle  spectrua.  The  damage*:  rate  of 
thi*  •jr-ectrus!  cesnst  he  hy  tlrr  psraastsrs  of  equation  («fj,  However, 

the  ground  and  flight  loads  spectra  can  be  Individually  defined  In  this  fern 
by  equations  (35)  and  (37).  The  fatigue  dasaae  calculation  .'nomifrer  pr-jsrsm 
of  Rsference  «  nas  the  capability  of  calculating  the  GAG  cycle  spectrum 
damage  rate,  given  the  above  definition  of  the  ground  end  flight  leads  spactrn 
and  the  number  of  flights  (or  landings),  fgyj,  represented  by  t»'e  spectra. 
Thus,  symbolically,  GAG  cycle  spectrum  damage  rate  can  be  defined  au  a 
function, 

«VW  "  ff(N0.b,Ay' '^Ground*  ^No*b*Ay' *Y^F11ght’  fGAG*  M 

To  develop  a  family  of  damage  rate  curves  to  encompass  a  complatr  matrix  of 
the  above  parameters  would  be  almost  an  Insurmountable  task.  Figure  19 
presents  samples  of  GAG  cycle  spectrum  damage  rates  when  all  parameters  of 
equation  (41),  except  two,  are  held  constant.  The  ground  and  flight  loads 
spectra,  over  the  GAG  cycle  spectrum  loads  range,  are  represented  by  one 
term  of  equation  (35). 

On  the  basis  of  the  GAG  cycle  spectrum  damage  rate  calculations  In  this 
study,  the  following  approximate  and  simple  procedure  for  the  estimation  of 
the  GAG  cycle  spectrum  damage  rate  Is  recommended:  calc  date  the  damage  rate 
corresponding  to  the  GAG  cycle  spectrum  maximum  and  minimum  loads  which  are 
exceeded  In  40  percent  of  the  flights.  Following  this  procedure,  the  damage 
rate  per  1,000  flights  of  the  Figure  18  GAG  cycle  spectrum  would  be  calcu¬ 
lated  as  10Q0/N,  where,  N,  cycles  to  failure  would  be  obtained  from  S-N 
data  for  cyclic  loading,  Smax  »  15,100  and  Sm|n  -  -7,100.  These  stress  values 

In  Figure  18  correspond  to  the  GAG  cycle  spectrum  loads  at  in  «  400. 

A  common  uncertainty  exists  about  the  effect  of  the  GAG  cycles  on 
fatigue  life  of  fighter  type  aircraft  (high  design  load  factors,  low  l.Og 
stresses,  maneuver  loads  critical)  as  compared  to  transport  type  aircraft 
(low  design  load  factors,  high  l.Og  stress*:*).  This  uncertainty  probably 
stems  from  the  fact  that  very  little  testing  has  been  performed  with  realistic 
maneuver  plus  GAG  cycle  loadings  representative  of  fighter  aircraft  as  com¬ 
pared  to  gust  plus  GAG  cycle  loadings  representative  of  transport  aircraft, 
see  Tables  11  to  14.  However,  Reference  IS  contains  fighter  type  maneuver- 
GA6  cycle  loading  test  data  which  Indicates  a  similar  detrimental  affect  of 
the  GA6  cycles  on  fatigue  life  as  for  transport  type  aircraft.  Consequently, 
the  definition  of  the  GAG  cycles,  as  described  in  the  preceding  paragraphs, 
is  cons leered  to  be  applicable  to  structural  elements  of  all  types  of 
aircraft - 

4.  Design  Charts 

For  all  practical  purposes,  a  complete  set  of  damage  rate  charts,  as 
previously  defined  In  this  section,  constitute  a  basic  and  completely  general 
set  of  fatigue  strength  design  charts.  Such  charts  are  most  useful  in  the 
early  design  stage  parametric  studies  when  most  of  the  design  parameters  have 
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not  boon  finalized.  However,  In  the  later  stages  of  design  when  the  aircraft 
utilization  and  the  applied  loads  spectra  In  terms  of  load  factors  can  be 
firmly  established,  the  fatigue  strength  of  the  structural  element  becomes 
a  function  of  the  fatigue  quality  of  the  element  and  the  operational  stress 
levels.  Figure  20  presents  such  design  charts  for  the  applied  loads  spectrum 
of  Figure  18  and  the  fatigue  quality  as  defined  for  7075-TS  aluminum  sheet  by 
the  S-N  data.  Figures  11  to  13.  The  design  charts  were  developed  with  the 
aid  of  the  damage  rates  established  for  the  above  S-N  data  In  this  study. 

The  applied  loads  spectrum,  per  1,000  flights,  was  defined  In  terms  of  load 
factors  In  the  following  form: 


Ground  Loads  -  Taxi: 

in  *  N0e"A9^b  ,  NQ  *  2.5  x  106  cycles 

ag'  *  .8,  largest  Incremental  load  factor 
b  *  .048 

Load  Cycle  «  1  *  Ag 


Flight  Loads  -  Maneuver  and  Gust: 

sn  *  N0ie‘Ag/bl  ,  1*1  2 

N0l  *  7.5  x  102  2  x  105 
b)  *  .224  .082 

ag’  *  2  2 

Load  Cycle  *  1  t  ag 


GAG  Cycle: 


Wf(1+  ^flight  ”f<F"9ht  IF.  1.51) 

sm1n  "  f<1  Aground  "  f(Ground  LF  *  ’•«> 
where  load  factors  (LF)  are  taken  from  Figure  18  at  En  *  400. 


A  linear  relationship  was  considered  between  load  factors  and  stress,  l.e., 


(ag)  and  S, 


stresses  were 


hd  Sjjj.  ,  Sjujt *  (1  4  A^)  Sm*  The 
related  as  *  -(S^/2) .ihe  st 


he  ground  and  flight  loads  mean 
stresses  are  net  area  values. 


Figure  20  presents  the  fatigue  strength  allowables  for  any  7075-T6  aluminum 
structural  element  for  the  applied  loads  spectrum  of  Figure  18.  The  use  of 
such  charts  for  design  purposes  may  be  best  Illustrated  by  an  example: 


Problem:  Design  a  structural  element,  for  the  applied  loads  spectrum  of 

Figure  18,  for  a  life  of  50,000  flights  with  p  <_  \%  probability 
of  failure.  The  flight  one  g  static  strength  design  net  stress 
Is  19,000  psl.  The  average  operating  flight  one  g  stresses  are 
30%  of  the  design  values,  19,000(.8)  »  15,000  psl. 


Solution:  First,  from  Section  II,  consider  a  scatter  factor  of  3.0  for 

p  <_  1%.  Therefore,  the  element  must  be  designed  for  a  mean  life 
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of  50,000(3)  ■  150,000  flights.  The  life  and  static  strength 
requirements  are  satisfied  by  any  combination  of  <_  1.8  and 

Smp  1  15,000  psl  as  Illustrated  In  Figure  20.  The  optimum  design, 
with  respect  to  structural  weight  can  be  attained  at  Smp  *  15,000 
psl  If  the  structural  element  fatigue  quality  Is  <_  1.8,  where 
Kf  *  1.8  correspond  to  R  *  150,000  and  Smp  »  15,000.  If  the 
fatigue  quality  Is  Kf  >  1.8,  then  the  critical  strength  design 

condition  is  fatigue  strength  and  the  design  one  g  stress  will  be 
less  than  15,000/. 8  = 19,000.  For  example,  if  Kf  =  2,  Smp  * 

13,500  and  the  design  one  g  net  stress  becomes  13, 500/. 8  ~ 17,000. 
Similarly,  for  Kf  *  2.74,  the  design  one  g  net  stress  is 
10,000/. 8  *  12,500. 


Concluding  Remarks 


Development  of  fatigue  strength  design  charts  for  a  given  loads  spectrum 
In  terms  of  the  fatigue  quality  of  the  structural  element,  Kf,  and  design 
l.Og  stresses,  as  illustrated  by  Figure  20,  appears  to  be  a  possible  and 
practical  approach.  Also,  development  of  completely  generalized  fatigue 
damage  rate  charts,  to  encompass  all  loads  spectrum  parameters  Is  possible 
with  the  exception  of  the  damage  rates  of  the  GAG  cycle  spectrum.  GAG  cycle 
damage  rates  are  a  function  of  the  composite  loads  spectrum  and  involve 
separate  loads  spectra  parameters.  GAG  cycle  damage  rate  may  be  simply 
approximated  by  considering  the  loads  which  are  exceeded  in  40%  of  the  flights, 
or,  for  more  accurate  damage  rates,  directly  calculated  from  the  composite 
spectrum  on  the  basis  of  the  complete  GAG  cycle  spectrum  of  highest  and  lowest 
peak  loads. 


The  linear  cumulative  damage  theory  has  been  used  for  fatigue  life 
prediction  throughout  this  study.  The  accuracy  of  the  linear  damage  rule  Is 
often  questioned.  The  most  common  arguments  are:  linear  damage  rule  does 
not  account  for  the  loads  sequence  nor  stress  interaction.  To  answer  the 
first  argument,  operational  loads  are  random  and  their  exact  sequence  is  not 
known.  Thus,  testing  to  an  unorthodox  sequence  of  loadings,  not  representa¬ 
tive  of  service  random  loads,  does  not  invalidate  the  use  of  linear  damage 
rule  in  aircraft  fatigue  life  prediction.  However,  because  of  the  stress 
interaction  effects  on  fatigue  life,  the  true  accuracy  of  the  linear  damage 
rule  can  be  checked  by  testing  to  random  loading  spectra  which  reflect  the 
frequency  and  magnitude  of  operational  loads.  If  the  spectra  were  defined 
in  terms  of  generalized  spectra  parameters,  the  results  of  such  tests  can  be 
presented  and  used  in  the  manner  described  for  the  damage  rate  curves,  or 
directly,  as  spectrum  loading  S-N  curves. 


N  -  Cycles  to  Failure 

Xt  *  T.59  Edge  Notch,  r  *  .76  In.;  Kf  =  1.37 

* 


N  -  Cycles  to  Failure 

Kt  «  2.0,  Edge  Notch,  r  3  .3175  In.;  =1.75 


DATA:  707b -T6  SHEET  AXIAL  LOADING, 


1.5  A  2.0 


N  -  Cycles  to  Failure 
4.0,  Edge  Notch,  r  -  .057  In. ;  K.  *  3.02 


N  -  Cycles  to  Failure 

Kt  •  5.0,  Edge  Notch,  r  «  .031  In. ;  Kf  *  3 .£•* 


FIGURE  13.  S-N  OATA:  7075-T6  SHEET  AXIAL  LOADING.  K.  -  4.0  &  5.0 


0.001  0.01  0.1  1.0 

(D/Nq)  “  Damage  Rate 

FIGURE  14.  7075-T6  ALUMINUM,  Kf  -  2.62,  DAMAGE  RATES  FOR  E  n  -  N0e"As/b  LOADS 
SPECTRA  WITH  CONSTANT  Sm;  N0  ■  10* 
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FIGURE  18.  A  TYPICAL  AIRCRAFT  STRUCTURAL  ELEMENT 
COMPOSITE  FATIGUE  LOADS  SPECTRUM 


US/SJ*  -  Flight  Incremental  Load  Factor  S  -  Ground  Spectrum  Mean  Stress  -  KSI 


Ground  Spectrum:  N0  *  2  x  106,  b  *  (aS/Sw)  ■  .05,  (aS'/S^)  b  l.Q 
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US'/SJ 


R  *  Mean  Life  -  Number  of  Flights 


FIGURE  20 


-(S  /2),  Net  Area  Stress,  7075-T6  Aluminum 

Kip 


Design  Envelope:  N  2  150,000  Flights 

S_  *  15,000  psi,  (Operational  Stress) 
mF 


FATIGUE  STRENGTH  DESIGN  CHARTS  FOR  AIRCRAFT  STRUCTURES 
WITH  THE  APPLIED  LOADS  SPECTRUM  OF  FIGURE  18. 
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SECTION  IV 

CONCLUSIONS  AND  RECOMMENDATIONS 


Fatigue  strength  design  criteria  and  analysis  of  aircraft  structures 


MAluae  MIAMI*  m1  4  MAM  • 

»V  I  t'Miy  M  I«I%  i  I#  I 


1  +  4  14  MM  «m4  1  A*4e  mm«i4  hammamI* 

«  «  I  •  IliVIVi  Wit  MlIVi  ■  VUMrf  VII  VII  VINIIbll  bJ  f 


structural  response,  detail  stress  analysis,  fatigue  damage  accumulation, 
statistical  aspects  of  fatigue  cyclic  loads  and  life,  and  testing.  This 
study  investigated  the  problems  of  fatigue  life  scatter,  specification  of 
fatigue  life  design  requirements,  and  methods  for  the  development  of  general 
fatigue  strength  design  charts. 


Operational  fatigue  life  scatter  Is  a  function  of  the  basic  fatigue 
life  scatter,  as  exemplified  by  laboratory  fatigue  test  results,  and  of  the 
variation  of  the  operational  applied  loads  spectra  among  Individual  aircraft 
in  a  fleet  of  aircraft.  Consequently,  the  probability  of  fatigue  failure  of  a 
given  element  In  the  fleet  of  aircraft,  at  life  N,»  is  a  joint  probability 
problem,  J 


p(Nj)  -  p(Nj|L1)  x  pd,)  (42) 

where,  p(Nj|L.|)  Is  the  probability  of  failure  at  life  Nj,  given  loads 
spectrum  Lj,  and  p(Lj)  Is  the  probability  of  the  occurrence  of  the  loads 
spectrum  L^.  The  probability,  p(NjlLj),  Is  represented  by  the  basic  fatigue 
life  scatter.  A  statistical  evaluation  was  accomplished  in  this  study  of 
over  6,000  aluminum  alloy  specimen  fatigue  test  results  to  define  the  basic 
fatigue  life  scatter  magnitude  and  distribution.  The  specimens  ranged  In 
complexity  from  simple  material  unnotched  and  notched  specimen  to  structural 
components  and  full-scale  structures.  Toth  constant  amplitude  and  spectrum 
loading  test  data  were  considered.  Based  on  the  evaluation  of  this  large 
sample  of  fatigue  test  results,  the  following  basic  fatigue  life  scatter 
properties  were  observed: 

1.  Basic  fatigue  life  scatter  distribution  greatly  deviates  from  the 
log  Normal  distribution  at  lives  N3fv  +  2a.  Equations  (7)  and  (8)  represent 
basic  fatigue  scatter  frequency  and  probability  distributions  as  derived 
from  the  surveyed  test  data. 

2.  Scatter  Is  greater  under  constant  amplitude  loading  than  under 
spectrum  loadings. 

3.  In  general,  unnotched  specimen,  and  to  a  certain  extent,  notched 
specimen,  exhibit  more  scatter  than  structural  components.  The  relatively 
high  scatter  observed  In  full-scale  structure  test  results  Is  attributed 
to  the  fact  that  the  great  majority  of  the  specimens  tested  had  previous 
actual  service  loading  history.  Therefore .the  larger  amount  of  scatter 
reflects  not  only  the  basic  fatigue  scatter,  but  also  Includes  the  effect 
of  the  operational  loads  spectra  variation. 

4.  In  general,  fatigue  scatter  Increases  with  Increase  in  life,  In 
po.tlcu.ar,  under  constant  amplitude  loading. 
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5.  Under  spectrum  loading,  based  on  notched  specimen  and  structural 
component  test  data,  a  log  standard  deviation  of  0.14  Is  recommended  for 
statistical  evaluation  of  the  basic  fatigue  life  scatter  of  aluminum  alloy 
aircraft  structures  In  conjunction  W I ill  the  derived  scatter  distributions  of 
equations  (7)  and  (8). 

Operational  life  scatter  concepts,  as  a  function  of  the  joint  probability 
distribution  model,  were  Illustrated  by  the  development  of  several  joint 
probability  distribution  models.  Using  this  concept  of  operational  life 
scatter,  the  failure  distribution  of  a  large  sample  of  actual  service  failures 
was  correctly  predicted.  It  appears  that  the  operational  life  probability 
distribution,  based  on  the  joint  probability  distribution  of  the  basic  fatigue 
scatter  and  applied  loads  variation.  Is  a  valid  concept  and  perhaps  the  most 
promising  concept  In  defining  operational  life  requirements  for  fatigue  analysis 
and  design  of  aircraft  structures. 

Fatigue  life  design  requirements  should  Include  a  specification  of  a 
desired  reliability  level  during  the  required  lifetime,  Nr,  where  reliability 
R  *  1  -  p,  and  p  is  the  probability  of  failure  not  to  be  exceeded  at  life  Nr. 

The  structure  would  be  designed  and  verified,  by  analysis  and/or  testing,  for 
a  mean  life  Nc,  where  c  Is  a  selected  confidence  level,  and  Re  1s  related  to 
Nr  by  a  statistically  established  scatter  factor,  Sp|  B  jj  ^  *  N  /N 

Recommended  procedures  for  the  calculation  of  such  scatter  factors  are 
described  in  Section  II  of  this  report.  For  example,  SF|p  *  2,  3,  and  4,  in 

general,  correspond  to  approximately  6,  1,  and  .5%  probability  of  failure. 
Therefore,  the  design  life.  Nr,  specifies  a  time  Interval  during  which  the 
probability  of  fatigue  failure  1$  an  acceptably  realistic  low  value. 

The  term  'time  to  fatigue  failure*  is  defined  as  the  time  to  crack 
Initiation  and  propagation  of  the  crack  until  the  design  ultimate  static 
strength  of  the  structural  element  Is  reduced.  For  highly  notch  sensitive 
materials  and  structures  without  redundancy  with  MS  *  0,  the  time  to  fatigue 
failure  would  be  the  time  to  crack  Initiation  and  would  not  Include  any  crack 
propagation  time. 

Analytical  methods  and  procedures  for  the  development  of  generalized 
fatigue  strength  design  charts  are  described,  and  samples  of  such  charts 
are  presented.  In  Section  III  of  this  report.  The  loads  spectra  are  defined 
in  equation  form  and  the  structural  element  fatigue  quality  Is  measured  In 
terms  of  an  average  Kf  value.  The  objective  of  such  charts  Is  to  provide 
the  designer  and  fatigue  analyst  with  rapid  means  of  fatigue  strength-life 
estimation. 

As  a  consequence  of  the  above  studies  and  from  general  considerations  of 
alrcift  fatigue  strength  design  criteria  and  analysis  problems,  future 
research  and  studies  should  Include: 

1.  Further  collection  and  statistical  evaluation  of  aluminum  alloys  and 
other  commonly  used  aircraft  materials  fatigue  test  data  to  establish  their 
typical  basic  fatigue  scatter  magnitude  and  distributions. 
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2.  Collection  of  operational  loads  spectra  on  Individual  aircraft  basis 
and  development  of  operational  loads  spectra  distribution  for  various  types 
of  aircraft. 

•S  A  .>  MaiiiAUAaV  tfa  Ai  jJmhmma  bohihmiI  « 
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tlon  criteria  is  net  available  at. the  present  time  and  It  Is  doubtful  whether 
such  criteria  will  be  available  In  the  near  future.  It  Is  proposed  that  a 
study  and  statistical  evaluation  of  fatigue  test  data  which  is  typical  or 
aircraft  structures  and  loadings  would  result  In  a  statistically  accurate 
and  acceptable  damage  rule  for  types  of  spectrum  loadings  generally  experienced 
by  aircraft  structures. 

4.  A  comprehensive  program  of  collecting  and  Interpreting  fatigue  service 
failures.  Comparison  of  service  failure  lives  and  distributions  to  the 
theoretically  predicted  values  and  distributions.  Of  course,  such  comparison 
would  be  subject  to  the  availability  of  all  pertinent  Information  and  data 
needed  for  the  analytical  predictions.  Results  of  such  program  would  verify 
the  accuracy  of  theoretical  predictions  and  would  be  an  Ideal  collection  of 
bad  fatigue  strength  design  features  to  be  avoided  In  the  future. 

5.  In  conjunction  with  the  resdlts  of  Item  (3), development  of  fatigue 
strength  damage  rate-design  charts  for  typical  aircraft  spectra  and  materials. 


APPENDIX 


STATISTICAL  EVALUATION  OF  FATIGUE  LIFE  TEST  DATA 


A  largo  amount  of  fatigue  test  data  were  collected  and  statistically 
M  reted  for  the  purpose  of  evaluating  the  fatigue  life  scatter  charac¬ 
teristics.  Only  aiijntj nijni  ni  ]nu«  w»+*  y^rs  considered.  A  total  of  !(18Q 
samples,  representing  6, 659  specimens  w<  re  collected  and  evaluated.  The 
following  data  selection  rules  were  followed: 

1.  Only  samples  of  three  specimens  or  more  were  considered. 

2.  A  sample  represents  a  number  of  identical  specimen  tested  under 
the  same  loading. 

3.  Samples  with  mean  lives  less  than  hundred  cycles  were  excluded. 

4.  In  general,  samples  with  runouts  (test  stopped  before  failure 
occurred)  at  long  lives  were  excluded.  Only  in  several  instances  of  large 
samples  one  or  two  runout  values  were  included. 

5.  In  the  case  of  specimens  with  previous  service  history,  only  the 
test  life  was  considered.  Samples  were  composed  of  specimens  with  approx¬ 
imately  the  same  service  life  In  terms  of  flight  hours. 

6.  In  the  case  of  full-scale  structures  Initial  failure  lives  were  used, 
Samples  were  composed  only  of  failures  of  the  same  structural  element. 

The  test  data  used  In  the  evaluation  are  described  in  Tables  7  to  14. 

A  large  portion  of  the  statistical  data  reduction  was  accomplished  with  the 
help  of  a  computer  program.  The  case  numbers  In  these  tables  refer  to  the 
computer  program  case  Identification  numbers.  The  symbols  ke  n  and  r.n  repre¬ 
sent  the  number  of  samples,  sample  size,  and  total  number  of  specimens  In  one 
case. 


1. 


Data  keductlon  and  Basic  Results 

Initially,  all  data  were  divided  Into  groups  according  to: 


1. 


Type  of  Specimen:  a. 

b. 

c. 

d. 


Unnotched  —  Material  Data 
Notched  —  Simply  Notched  Specimen 
Structural  Component  —  Structural  Elements 
ranging  from  a  simple  lug  to  a  complex  joint. 
Full-Scale  Structure  -  Large  aircraft  compo¬ 
nents. 


2.  Type  of  Loading: 


a.  Constant  Amplitude 

b.  Spectrum  (three  ioad  levels  or  more) 

c.  Tension-Tension 

d.  Tension-Compression 


3.  Mean  Life  Range  -  Cycles: 

a.  10*-10s 

b.  ICMO4* 

c.  lcNio5 

d.  105-10* 

e.  10*-107 

f.  >10? 


The  following  parameters  were  calculated  for  each  sample. 

1.  Nj  n  Anti  log  (log  Pl|) 

where. 

ioglij  *  Wean  of  log  lives 

-  j  (lo9joV^ 

Hj  *  Cycles  to  failure  of  an  Individual  specimen 

■  Sample  size  ••  number  of  specimens 

l,  S<  *  Biased  Log  Standard  Deviation 

"  l(*(log  Kj  * 

j 

3.  Log  Deviation  of  Individual  Specimen  Life: 
vles'Nj  -  log!f)  /nj/(nf  - 


(43) 


(44) 


(45) 


Next,  the  following  parameters  were  calculated  for  each  group  of  data 
according  to  the  type  of  specimen  and  loading  and  life  Interval: 

1.  Sf  ■  Average  pf  Sample  Biased  Log  Standard  Deviations 

<*  (J“$t)/k  (46) 

where, 

k  •  number  of  samples  In  the  group 

2.  «n  ■  biased  Log  Standard. Deviation  of  the  Pooled  Data. 

*  ((zS^)  /zn^)1/*  ■  [(z  z(log  Nj  -  foijpJ  )2)/zn^]1/2  (47) 

3.  on„k-  Unbiased  Log  Standard  Deviation  of  the  Pooled  Data. 

■  C(£Sfn|)/((znO  -  k)]1/a 


-  C(r  idog  Nj  -  log  Nj^/Unif)  -  k)]^ 

**ave"  Average  of  Semple -Keen  Lives  -  Cycles 

•  (s8|)/k  * 


(48) 

(49) 

(50) 


The  above  data  for  ell  the  groups  are  summarized  in  Tables  15  to  18. 


Furthermore,  these  parameters  were  calculated  for  pooled  data  of  tension- 
tension  and  tension-compression  loading  groups,  as  shown  In  Tables  19  and  20. 
Additional  parameters  calculated  for  these  sets  of  groups  were: 

1.  Cy  «  Coefficient  of  Variation,  see  Table  21. 

-  on.ji/iog_Rave  (51j 

2.  Life  Scatter  Distribution  versus  Log  Deviation,  see  Tables  22  to  23, 

where  the  lo.;  deviation  Is  multiplied  by  (fKTTTnT  -  1))  to  reduce  the  bias 
of  the  sample  elze.  1  1 

2.  Interpretation  of  Results 

There  are  two  basic  questions  to  be  answered  about  the  fatigue  life 
scatter.  What  Is  the  fatigue  life  scatter  frequency  or  density  distribution 
and  what  Is  the  magnitude  of  scatter?  In  the  following  discussion  an  attempt 

Is  made  to  give  some  answers  to  these  questions  through  the  interpretation  of 

the  results  obtained  from  the  survey  of  the  fatigue  test  life  data. 

2.1  Frequency  Distribution.  The  most  commonly  used  frequency  distribu¬ 
tion  In  the  evaluation  of  fatigue  h*e  scatter  has  been  the  “Normal*  or 
Gaussian  distribution,  with  the  transformation  of  N,  cycles  to  failure,  to 
logioN, 

f(x)  -  (I/o^Tje"^2/2  (52) 

where,  x  ■  log  N 


m  ■  log  N  -  (tlog  N)/n 

-  -  [r(log  N  -  Tog~N)2/(n  -  1}]1/2 

Fatigue  test  life  data  usually  yield  approximately  Normal  distributions. 
However,  In  most  cases  the  samples  are  small  and  do  not  Indicate  the  frequency 
distribution  In  the  extreme  scatter  regions  corresponding  to  low  probability 
of  failure  In  the  order  of  1%  or  less.  In  the  design  and  analysis  of  aircraft 
structures  for  safe  life,  the  main  interest  lie*  In  the  region  of  relatively 
low  probabilities  of  failure.  Consequently,  log  Normal  approximation  of  small 
samples  of  fatigue  test  data  does  not  prove  the  validity  of  the  Nortsal  distri¬ 
bution  at  low  probabilities  of  failure. 

In  order  to  check  the  validity  of  the  Normal  distribution  1r  the  extreme 
distribution  ranges  the  log  deviations  of  many  samples  were  pooled  Into  groups 
according  to  the  type  of  specimen  and  loading  and  sample  mean  life.  The  log 
deviation  frequency  distributions  of  these  groups  are  summarized  In  Tables  22 
to  28.  With  further  pooling  of  life  Interval  group  data,  (groups  exhibiting 
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similar  standard  deviations,  (on„k),  frequency  distributions  were  plotted  on 
Normal  distribution  probability  paper  as  shown  by  Figure  21  to  27.  The  cumu- 
latlve  probability  of  failure,  *,  was  calculated  as, 

(100)  x  (tn/frnj  +  1))  (53) 

where,  in  ■  Cumulative  number  of  specimen  corresponding  to  a  given  deviation 
yalue,  beginning  with  the  smallest  deviation  (highest  negative 
value), 

tn(  ■  Total  number  of  specimen  In  the  group. 

In  addition  to  the  test  data  distributions,  the  Normal  distribution  lines, 
based  on  the  calculated  pooled  data  values,  are  shown  for  comparison. 

The  following  general  observations  and  comparisons  can  be  made  with  respect 
to  the  test  data  and  Normal  distributions: 


1.  The  pooled  test  data  exhibits  a  non-Norma 1  distribution. 

2.  For  all  practical  purposes  test  data  distributions  are  symmetrical 
about  the  mean. 

3.  With  respect  to  lives  shorter  than  the  mean,  at  extreme  values  the 
test  data  Indicates  higher  probabilities  of  failure  than  the  Normal  distribution 
and  lower  probabilities  than  the  Normal  as  lives  approach  the  mean,  lne  reverse 
Is  true  at  lives  longer  than  the  mean. 

4.  The  transition  point  where  the  test  data  and  Normal  distributions 
coincide  ranges  approximately  from  1  to  10*  probability  of  failure  at  lives 
shorter  than  the  mean  and  1  to  10*  probability  of  survival  at  lives  longer 
than  the  mean.  The  transition  point  approaches  the  mean  as  the  standard 
deviation  increases. 


Using  these  observations  as  guidelines  to  derive  a  fatigue  life  scatter 
distribution,  all  test  data  were  pooled  Into  four  large  groups  according  to 
the  calculated  standard  deviations,  o-  u,  of  Tables  19  and  20.  Ihe  data  was 
divided  Into  four  groups  of  standard  deviations: less  than  0.150,  0.150  to 
0.200,  0.200  to  0.300,  and  greater  than  0.300,  as  shown  In  Table  29,  regardless 
of  the  type  of  specimens,  loading  or  life  interval.  The  log  deviation 
distributions  of  these  four  groups,  normalized  by  dividing  the  deviations  by 
the  calculated  standard  deviation,  on_k,  were  plotted  on  Normal  probability 
paper  as  shown  by  Figures  28  to  31.  Based  on  these  four  test  data  distribu¬ 
tions,  a  three-term  exponential  expression  was  derived  for  the  calculation  of 
the  fatigue  life  cumulative  probability  of  failure  distribution, 


-d,  ix> 


F(-x)  -  A^e  1 


♦  A^V*  U/3W 


X  £  0 


(54) 


and,  F{*)  *  1  ~  F(-x),  x  >  0 
wfo.' x  »  (log  N  -  log  %)fo 

*  -  Cs(log  n  -  fogl)2/(n-l)31/Z 
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A1  -  1.687*^ 
Ag  -  0.015 


0.485  -  1 .687/T 


d1  *  1.3+  O.^v'tT 
d2  -  0.28  +  0.44/7 
d,  -  1.09  +  2.16/<T 
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tlons,  a"  greater  than  0.75  is  not  recommended.  In  reality  this  is  not  a 


use  of  this  cumulative  probability  of  fstlur 


limitation  since  fatigue  life  scatter  seldom  exceeds  a  standard  deviation  of 
0.75.  The  cumulative  probability  of  failure  distributions,  for  selected 
values,  as  calculated  by  tquation  (54)  are  shown  plotted  in  Figure  32  and  In 
Figures  28  to  31  for  comparison  with  the  original  test  data.  From  Figure  32 
It  is  seen  that,  the  fatigue  test  data  probability  distributions  of  Equation  (54), 
regardless  of  the  o  value,  and  the  standard  Normal  distribution  coincide  at 
a  probability  of  failure  of  approximately  4t  corresponding  to  1.75  standard 
deviations  from  the  mean.  Furthermore,  the  test  data  Equation  (54)  indicates 
higher  probabilities  of  failure  than  Normal  at  standard  deviations  greater 
than  1.75  from  the  mean,  wiicreas  at  standard  deviations  less  than  1.75  from 
the  mean  the  test  data  approaches  the  Normal  distribution  at  the  standard 
deviation  a  -  0.75. 


Since  the  cumulative  probability  Is  +he  area  under  the  frequency  (density) 
distribution  function,  differentiating  equation  (54)  with  respect  to  x  we 
obtain  the  frequency  distribution  function. 


f(  x  )  -  ^  F( -x)  -  -  (A1d1e”dllxl  +  A2d2e‘d2,xl  +  A3d3e"d3ul ) 


-  -  (Cje'dl 1x1  +  02e"d2iXI  +  C3d'd3,xl)  (55) 

where 

t.j  *  A^d| ,  C2  *  A^d2,  C3  *  Agdj  and  f(— x)  *  f(x). 

The  negative  sign  on  the  right  side  of  equation  (55)  can  be  disregarded  for 
all  practical  purposes  of  calculating  f(x).  The  test  data  frequency  distri¬ 
bution  functions  as  calculated  by  equation  (55)  for  selected  values  of  o  and 
the  standard  Normal  distribution  are  shown  plotted  In  Figure  33, 

2.2  Standard  Deviations.  Tin  standard  deviation  Is  the  measure  of 
fatigue  life  scatter  with  respect  to  the  mean  life.  The  magnitude  of  the 
standard  deviation  reflects  the  amount  of  dispersion  of  fatigue  lives  about 
the  mean.  This  is  true  of  the  Normal  frequency  distribution  as  well  as  the 
frequency  distribution  expression  derived  from  test  data,  see  equations  (52) 
and  (55). 

The  calculated  standard  deviation  values,  based  on  the  fatigue  test  data 
survey,  are  summarized  in  Tables  15  to  18,  according  to  the  type  of  cyclic 
loading,  specimen,  and  mean  life  Intorval.  Pooling  of  the  same  type  of  loading. 
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specimen,  and  mean  life  s nail  sample  data  Into  larger  groups  was  justified  on 
the  assumption  that  all  s  mples  come  from  the  same  population.  Following 
general  observations  can  be  made  about  the  magnitude  of  scatter  In  terms  of 

the  rtkllUf'ed  unMeceri. 

...  -  - -  n-K r 

1.  No  consistent  trind  Is  observable  between  tension-tension  and  te^slon- 
Cuhip res »tun  loading  <?n-k  aloes,  see  Tables  it>  to  lb.  Consequent  y,  the 

tens Ion-tens Ion  and  tension-compression  data  were  pooled  together  and  the 
results  are  presented  In  Tables  19  and  20. 

2.  Scatter  Is  propgrtlonal  to  life.  Scatter  Increases  with  Increase  In 
life  from  approximately  N  «  10S  see  Figures  34  and  35..  Inane  Is  also  some 
evidence  of  Increase  In  scatter  as  lives  become  relatively  short.  Thus,  It 
appears  that  the  greatest  amount  of  scatter  can  b?  expected  at  the  i.hcrt  and 
long  lives,  mis  can  be  ..ttrlbuted  to  toe  variability  of  the  static  ultimate 
strength  at  short  lives  and  the  statistical  aspects  of  the  fatigue  strength 
endurance  limit  at  long  llyes.  The  variation  of  the  standard  deviation  as  a 
function  of  the  mean  life  In  terms  of  the  coefficient  of  variation, 

Cv  ■  op-k/lofl  Nave»  Is  Illustrated  by  Figures  36  and  37.  The  variation  of 
Cv  with  life  Is  similar  to  the  variation  of  standard  deviation. 

3.  In  general,  scatter  Is  greatest  for  unnotched  specimen,  and  least  for 
structural  components.  However  under  constant  amplitude  loading,  notched 
specimen  scatter  exceeds  that  of  the  unnotched  specimen,  except  at  short  and 
long  lives,  whereas  under  spectrum  loading,  notched  specimen  and  structural 
component  scatter  1$  app  oxlmately  the  same. 

4.  The  relatively  high  scatter  of  full-scale  structure  tect  lives  Is 
somewhat  surprising  at  first.  It  Is  consistently  higher  than  structural  com¬ 
ponent  scatter  and  sometimes  exceeds  the  scatter  of  notched  specimen.  One 
would  expect  the  scatter  of  structural  components  and  full-scale  structure 
lives  to  be  about  the  same  considering  that  the  full-scale  structure  test 
life  samples  were  defined  by  Initial  failures  of  the  same  structural  element 
and  nat  the  final  failure  of  the  complete  structure.  One  possible  explanation 
of  this  Is  tiie  fact  that  most  of  the  full-scale  structures  tested  had  a  pre¬ 
vious  service  loading  history.  Although  samples  were  composed  of  specimen 
with  approximately  the  same  service  life,  as  measured  by  flight  hours,  the 
amount  of  damage  accumulated  by  each  specimen  In  service  life  prior  to  testing 
varied.  Consequently,  flight  hours  are  not  the  absolute  measure  of  the 
specimen  life,  or  In  effect,  of  the  damage  accumulated  by  the  structure,  the 
damage  being  the  true  measure  of  the  consumed  life.  Thus,  the  relatively  high 
scatter  In  test  lives  of  full-scale  structures  with  previous  service  history 
reflects  not  only  the  basic  fatigue  scatter,  but  also,  partly,  the  scatter 
due  to  the  variation  of  service  loads  spectra.  Another  factor  to  consider  in 
the  Interpretation  of  full-scale  test  results  Is  the  probable  difficulty  In 
detecting  the  crack  Initiation  consistently  for  each  specimen.  This  fact 
could  also  contribute  to  the  higher  scatter  exhibited  by  the  full-scale  struc¬ 
ture  test  results  as  compared  to  the  structural  component  scatter. 

5.  Scatter  appears  to  be  greater  under  constant  amplitude  loading  than 
under  spectrum  loading  when  the  comparison  Is  made  between  the  same  type  of 
specimen  at  the  same  life,  see  Figures  34  and  35.  it  should  be  noted  that 
If  the  lives  under  spectrum  loading  were  divided  by  approximately  a  factor 


of  ten,  a  much  closer  agreement  between  constant  amplitude  and  spectrum 
loading  standard  deviations  Is  observed.  One  plausible  explanation  of  this 

phenomena  ue  trie  i  awL  In  at.  Gi  »  iinvci"  SpcC^rUm  r  vu« » r»y  %  n»w  -P^w. 

contains  many  cycles  of  low  loads  which  contribute  a  negligible  amount  to  the 
total  aamaae.  Exclusion  of  these  low  load  eycles  from  the  measure  of  life 
under  spectrum  loading  would  reduce  the  life.  In  terms  of  cycles,  to  a  common 
basis  f<*>‘  comparison  of  spectrum  and  constant  amplitude  loading  lives. 

3.  Concluding  Remarks  and  Recommendations 

Fatigue  life  of  materials  and  structures  Is  a  statistical  value  and  for 
this  reason  the  fatigue  life  scatter  statistical  model  parameters  must  be 
bbflned.  These  parameters  are  the  mean  life,  the  frequency  distribution  and 
the  standard  deviation.  The  mean  life  Is  directly  a  function  of  the  type  of 
loading  and  specimen  and  can  not  be  generalized.  However,  a  standard  fatigue 
life  scatter  frequency  distribution,  and  In  turn,  a  probability  distribution, 
can  be  assumed  to  exist,  associated  with  the  magnitude  of  scatter  as  measured 
by  the  standard  deviation.  The  survey  made  In  this  study  of  1.180  test 
samples,  representing  6,659  aluminum  alloy  specimens,  ranging  from  unnotcheri 
specimen  to  full-scale  structures.  Indicates  the  following  results: 

1.  On  the  assumption  that  a  common  fatigue  life  scatter  frequency 
distribution  exists,  general  frequency  and  probability  functions, equation  (54) 
and  (55) D  were  derived  as  a  function  of  the  standard  deviation.  These 
expressions  differ  from  the  Normal -Gaussian  distribution  as  shown  in  Figures 
32  and  33. 

2.  The  measure  of  the  scatter  about  the  mean,  the  standard  deviation, 
was  found  to  vary  as  a  function  of  the  type  of  loading,  specimen,  and  mean 
life  as  Illustrated  by  Figures  34  and  35.  The  magnitude  tnd  variation  of 
the  standard  deviations  muse  be  considered  to  represent  the  typical  fatigue 
life  scatter  under  similar  loading,  specimen,  and  life  conditions. 

Based  on  the  evidence  of  the  fatigue  test  data  survey  results,  the 
following  tentative  recommendations  are  made  for  the  statistical  interpreta¬ 
tion  of  the  basic  fatigue  life  scatter  of  aluminum  alloy  materials  and 
structures: 

1.  The  frequency  and  probability  distributions,  equations  (54)  and  (55) 
should  be  used  In  lieu  of  the  log-Normal  distribution. 

2.  Recommendation  of  basic  standard  deviations  as  a  function  of  type  of 
loading,  specimen,  and  life,  remains  a  dll«rmsa,  as  exemplified  in  the  discus¬ 
sions  of  the  test  data  results  In  Section  2.2  of  this  appendix.  More  test 
data,  and  In  some  areas  a  more  detailed  treatment  of  the  data  are  needed  to 
clarify  the  discrepancies  brought  out  In  Section  2.2.  Keeping  In  mind  the 
need  of  further  detail  study  of  additional  test  data,  following  standard 
deviation  values  are  recommended  for  use  In  the  statistical  evaluation  of 
fatigue  life  scatter: 

a.  For  the  evaluation  of  constant  amplitude  S-N  test  data,  use 
standard  deviations  presented  by  Figure  38,  Two  sets  of  standard  deviations 
are  presented:  one  for  simple  unnotched  and  notched  materials  specimen, 


the  other  for  structural  components.  The  simple  specie  standard  deviations 

_ . J  —  __  aL-  .  J  Imai»  />An#^nn(-  smnl  4  fn/la  1  AA/J'Liri 
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pooled  data.  The  standard  deviation  values  for  structural  components,  appli¬ 
cable  to  any  structural  element  with  multiple  stress  concentrations,  are  based 
on  structural  component  test  data  with  the  exclusion  ot  tho  w  *  i0’  data  which 
appears  to  be  unrealistic  In  view  of  all  the  other  data,  see  Figure  34. 

b.  For  the  evaluation  of  spectrum  loading  test  data,  the  standard 
deviations  of  Figure  35,  in  the  life  range  10H  <  R  <  1Q7,  are  recommended  for 
simple  unnotched  and  notched,  and  structural  component  specimen.  The  full- 
scale  structure  standard  deviations.  It  must  be  remembered,  represent  not  only 
the  basic  fatigue  scatter,  but  also  the  scatter  due  to  loads  spectra  variation 
as  pointed  out  In  Section  2.2  of  the  Appendix. 

c.  For  the  purpose  of  general  fatigue  analysis  and  design  of  aircraft 
structures  under  spectrum  1oad1t>j,.a  standard  deviation  of  0.14  Is  recommended 
for  statistical  evaluation  of  the  basic  life  scatter.  This  value  Is  the 
unbiased  standard  deviation  of  all  notched  specimen  and  structural  componenv 
spectrum  loading  data  consisting  of  305  samples  and  2,106  specimen. 

3.  Fatigue  life  scatter  of  aircraft  structures  In  service  Is  a  function 
not  only  of  the  basic  fatigue  scatter,  which  can  be  defined  as  the  scatter 
exhibited  by  laboratory  specimen,  but  also  a  function  of  the  loads  spectrum 
variation  In  a  fleet  of  aircraft.  As  noted  iri  Section  2.2  of  the  Appendix, 
the  full-scale  structure  test  data  surveyed  In  this  study  represents  not  only 
the  basic  fatigue  scatter,  but  In  part,  also  reflects  the  effect  of  service 
loads  spectrum  variation.  On  the  basis  of  all  full-scale  structure  spectrum 
loading  test  data,  represented  by  35  samples  and  202  specimen,  a  standard 
deviation  value  of  not  less  than  0.20  Is  recommended  for  use  In  the  statisti¬ 
cal  evaluation  of  service  life  scatter  of  aircraft  structures  when  the  mean 
life  Is  based  on  average  operational  loads  spectrum.  (For  comparison,  the 
standard  deviation  based  on  all  full-scale  structure  constant  amplitude 
loading  test  data,  represented  by  91  samples  and  378  specimen.  Is  0.26.) 
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FATIGUE  TEST  DAtA  DESCRIPTION 
Constant  Amplitude  Loading  —  Unnotched  Speclnen 


Case  No. 

Material 

Loading 

k 

n 

cn 

Ref. 

1 

2024-T81  Sheet 

Axial 

19 

3*4 

50 

11 

Z 

2024-T3  Sheet 

Axial 

18 

3-b 

67 

11 

5 

7Q75-T6  Sheet 

Axial 

48 

206 

11 

20 

24a-T3  Sheet 

Axial 

7 

3.4 

25 

12 

21 

75S-T6  Sheet 

Axial 

8 

BOH 

31 

12 

22 

24S-T3  Sheet 

Axial 

3 

4.5 

14 

12 

23 

75S-T6  Sheet 

Axial 

3 

9 

12 

24 

24S-T3  Sheet 

Axial 

3 

3.4 

10 

12 

25 

755-T6  Sheet 

Axial 

6 

mm 

20 

12 

30 

7075-TC  Extr.  Rod 

Rotating 
Be  air 

9 

3,9-11 

82 

13 

36 

755-T6  Hand  Forg.  .^1  ate 

Axial 

3 

3 

9 

15 

54 

7079-TG  Hand  Forg.  Red 

Axial 

1 

3 

3 

14 

Total: 

128 

536 

TABLE  8 


FATIGUE  TEST  DATA  DESCRIPTION 
Ccr.ctcr.t  AiTipl  1  tuuc  Lunuifiy  —  Notched  Specimens 


Case  No. 

Material 

Kt(Kf) 

8 

2024-T3.2024-T8I , 
7075-T6  Sheet 

13 

7075-T6  Sheet 

4.0 

14 

2024-T3  Sheet 

4.0 

15 

7075-T6  Sheet 

4.0 

16 

7075-T6  Sheet 

3.0 

17 

7075-T6  Sheet 

4.0 

18 

7075* T6  Sheet 

7.0 

19 

7075- T6  Sheet 

10.0 

26 

24S-T3  Sheet 

2.0 

27 

24S-T3  Sheet 

4.0 

28 

75S-T3  Sheet 

2.0 

29 

75S-T6  Sheet 

4.0 

31 

7075-T6  Extr.Rod 

1.38 

32 

7075- T6  Extr.Rod 

3.0 

33 

7075-TS  Extr.Rod 

5.0 

34 

24S-T3  Sheet 

4.0 

37-50 

75S-T6  Hand  Forg. 

(1.2- 

Plate 

1.5) 

51,52 

2014-T6  Hand 

Forg.  Rod 

2.4 

53 

7075-Tfi  Hand 

Forg.  Rod 

2.4 

55 

2024-T3 

4.0 

56 

7075-T6 

4,0 

Notch  Loading 


Axial 
Axial 
Rotating 
Beam 
Rotatl ng 
Beam 
Rotating 
Beam 
Axial 
Axial 

Axial 

Axial 

Axial 

Axial 


n 

rn 

Ref. 

3-5 

23 

11 

3-5,9 

50 

16 

3,5, 

6,10 

79 

16 

4-8 

74 

17 

5 

100 

18 

5 

125 

18 

5 

125 

18 

5 

100 

18 

3 

3 

19 

3 

3 

19 

3 

3 

19 

3 

3 

19 

9,10 

58 

13 

9,10 

98 

13 

10 

80 

13 

3,4 

7 

20 

3,4 

163 

15 

3 

6 

14 

3 

6 

14 

6 

6 

21 

5 

5 

21 

TABLE  22 


FATIGUE  TEST  LIF  SCATTER  DISTRIBUTION 
Constant  Amplitude  Loading  —  Unnotched  Specimen 
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TABLE  9 


FATIGUE  TEST  DATA  DESCRIPTION 
Constant  Amplitude  Loading  -  Structural  Components 


Case  No. 

Specimen 

Material 

k 

n 

m 

Ref. 

3.4 

Lug  (Loaded  Hole) 

2024-T3  Sheet 

66 

3-6,8 

263 

11 

6,7,9-12 

Lug  (Loaded  Hole) 

7075-T6  Sheet 

65 

3-6,8, 

11 

10 

283 

11 

n 

Riveted  Lap  Joint 

7075  Clad  Sheet 

4 

40 

22 

73 

Rlvetei  Lap  Joint 

2024  Clad  Sheet 

5 

10 

50 

22 

74 

Riveted  Lap  Joint 

2024  Clad  Sheet 

15 

3.7 

97 

23 

92,93 

Riveted  Beam 

7075-T6 

3 

3,4 

10 

24 

100 

Fuselage  Skin  Joint 

14S-T,  24S-T, 
75S-T 

25 

3-6 

95 

25 

105 

Frame-Stringer  A 
Attach. 

24S-T3,  75S-T6 

3 

5,6,8 

19 

26 

110 

Scarf  Splice 

7075-T6 

6 

4 

24 

27 

115 

Spar  Cap  Splice 

7075-T6 

3 

3,4 

11 

28 

116 

Skin-Stringer  Splice 

7075-T6 

1 

4 

4 

28 

120 

Skin-Stringer  Splice 

7075-T6 

1 

3 

3 

29 

121 

Skin  Splice 

7075-T6 

3 

3,6 

12 

30 

125 

Skin  Splice 

7075-T6 

6 

3 

24 

31 

130 

Skin-Stringer  Basic 
Structure 

7075-T6 

1 

4 

4 

32 

135,136 

Spar  Cap  Simulation 
Element 

7Q75-T6 

8 

3-3 

29 

33 

140 

Lug 

DTD  363A,  364B 

683 

5 

3.4,7 

20 

34 

142-144 

Lap  Joint 

24S-T  Clad  Sheet 

14 

3,5,6 

47 

35 

145-147 

Lap  Joint 

75S-T  Clad  Sheet 

17 

3-6 

65 

35 

150 

Lap  Joint 

24S-T  Clad  Sheet 

4 

10,20 

60 

36 

152 

Landg.  Gear 

Component 

7075-T6 

4 

3-5,11 

23 

37 

153 

Frame-longeron 

Attach*. 

75S-T6 

15 

5 

75 

37 

154 

Antenna  Attachement 

75S-T6 

2 

3,4 

7 

37 

155 

Longeron  Splice 

7075-T6 

2 

3.5 

8 

37 

156 

Eyebolt 

7075-T6 

1 

11 

11 

37 

157 

Latch  Fitting 

7075-T6 

1 

6 

6 

37 

.  r  ■ 

Total : 

282 

. 
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TABLE  10 
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Constant  Amplitude  Loading  —  Full  Seal*  Sttoctures 


Case  No. 

Specimen 

Material 

n 

n 

£n 

Ref. 

75 

T-29  Outer  Wing 

7075 

18 

3-6,8 

83 

38 

77 

C-46  Wing 

2024 

9 

3-6 

37 

3$ 

80,81 

P-51  (Hus tang)  Wing 

2024 

57 

3-8 

229 

40 

8S 

Meteor  Tallplane 

DTO  390 

2 

3 

6 

41 

90 

Fighter  Horlz.  Tall 

7075 

4 

4.6 

20 

42 

91 

Fighter  Wing 

7075 

1 

3 

3 

42 

Total: 

91 

378 

TABLE  11 

FATIGUE  TEST  OATA  DESCRIPTION 
Spectrum  Loading  —  Unnotched  Specimens 


Case  No. 

Spectrum 

Material 

n 

n 

£n 

Ref. 

650 

Sinusoidal  Modulation 

7075-T6  Extr.Rod 

9 

4-6,11 

1 

13 

651 

Exponential 

Modulation 

7Q75-T6  Extr.Rod 

7 

3-6 

27 

13 

660,661 

Random  Excitation 

2024-T4  Extr.Rod 

6,7 

64 

43 

662 

Quasi -Stationary 
Excitation 

2024-T4  Extr.Rod 

HI 

3.12. 

16 

31 

43 

663,664 

Random  Excitation- 
Pre-Stress 

2024-T4  Extr.Rod 

21 

5-7 

115 

43 

753 

4-6  Step  Maneuver 

7Q75-T6  Sheet 

14 

3.4 

51 

11 

780 

Sinusoidal  Modulation 

24S-T4  Extr.  Rod 

14 

10,11 

141 

44 

781 

Exponential 

Modulation 

24S-T4  Extr.  Rod 

13 

10,11 

131 

44 

784 

Exponential 

Modulation 

2024 

11 

20 

220 

45 

785 

Exponential 

Modulation 

7075 

10 

20 

200 

56 

Total: 

112 

r 


pTIfttl 

Specimen 


FATWUiP  TFCT  fVATA  I 


Spectrum  Loading 


Notched 


Case  No. 

Material 

*T 

Notch 

Spectrum 

n 

n 

tn 

Ref. 

301 

2024-T3  Sheet 

4.0 

Edge 

8  Step  Gust 

4 

6 

47 

310 

7075-T6  Sheet 

4.0 

Edge 

8  Step  Gust 

2 

6 

47 

315 

7075-T6  Sheet 

4.0 

8  Step  Maneuver 

3 

6 

47 

330 

7075-T6  Sheet 

4.0 

Edge 

8  Step  Gust  +  GAG 

22 

6,7 

134 

21 

352 

2024  Sheet 

4.0 

Edge 

8  Step  Gust  +  GAG 

2 

6 

12 

21 

371 

2024  Sheet 

4.0 

Edge 

18  Step  Gust 

5 

3.4,6, 

8,9 

16 

376 

2024  Sheet 

4.0 

Edge 

8  Step  Gust 

8 

3,6 

Ha 

16 

384 

7075  Sheet 

4.0 

Edge 

8  Step  Gust 

13 

3-6 

57 

16 

420 

7075  Sheet 

4.0 

Edge 

4,8  Step  Maneuver 

6 

60 

17 

450 

7075  Sheet 

4.0 

Edge 

Maneuver 

6-8 

63 

48 

575 

7075  Sheet 

4.0 

El Ipse 

Gust,  Gust  ^  GAG 

15 

4,5.7. 
8,  10 

86 

18 

580 

7075  Sheet 

4.0 

El Ipse 

Manv.,Manv.  +  GAG 

4 

5.7 

22 

18 

585 

7075  Sheet 

7.0 

El Ipse 

Gust,  Taxi, 
Composite 

7 

5,6 

40 

18 

629 

24S-T.7178- 
T6.DTD  363A 
Extr.  Rod 

Bp 

Groove 

Gust,  Gust  +  GAG 

8 

9.19, 

20,30 

157 

49 

634 

DTD  363A 

Extr.  Rod 

Groove 

Gust 

3 

5,6 

17 

49 

636 

DTD  363A 

Extr.  Rod 

3.7 

Groove 

Maneuver 

6 

3.4 

19 

49 

652 

7075-T6 

Extr.  Rod 

i 

Groove 

Sinusoidal 

Modulation 

8 

4.5.9 

45 

13 

653 

7075-T6 

Extr.  Rod 

a 

Groove 

Exponential 

Modulation 

7 

3-5 

28 

13 

654 

7075-T6 

Extr.  Rod 

3.0 

Groove 

Gust 

3 

9.14.15 

38 

13 

680 

7Q75-T6  Sheet 

4.0 

El Ipse 

Random  Gust 

9 

3-6,8 

41 

E J 

752 

2024-T6. 
7075-T6  Sheet 

Hole 

4-6  Step  Maneuver 

5 

3-5 

21 

ii 

788 

7075-T6 

Extr.  Rod 

3.2 

Groove 

Exponential 

Modulation 

20 

10-12, 

14 

207 

51 

789 

7075-T6 

Estr.  Rod 

3.2 

Exp.  Model., 
Pre-Stress 

38 

8,10 

378 

51 

792 

2024-T3  Sheet 

4.0 

Edge 

Random  Gust 

15 

6 

90 

52 

793 

2024-T3  Sheet 

4.0 

Edge 

Constant  Mean 
Blocks 

20 

6 

120 

52 

794 

2024-T3  Sheet 

1 

Edge 

Variable  Mean 
Blocks 

6 

6 

36 

52 

TABLE  13 


FATIGUE  TEST  DATA  DESCRIPTION 
Spectrum  Loading  —  Structural  Components 


- , 

No* 

Specimen 

Material 

Spectrum 

k 

n 

in 

Ref, 

642 

Riveted  Lap  Joint 

7075  Cl.Sh. 

Gust,  GAG 

19 

3-5,7 

121 

22 

643 

Riveted  Lap  Joint 

2024  Cl.Sh. 

Gust t  GAG 

7 

7 

49 

22 

645 

Bolted  Joint 

L.65  Bar 

Gust 

4 

3,5 

16 

53 

692 

Riveted  Beam 

7075-T6 

Maneuver 

4 

3 

12 

24 

698 

Wing  Spar  Cap 

7075-T6 

Gust,  GAG 

2 

3 

6 

54 

750 

Lug  (Loaded  Hole) 

7075-T6 

Maneuver 

9 

8-12 

90 

11 

751 

Lug  (Loaded  Hole) 

2024- T3 

Maneuver 

5 

3.4,6 

21 

11 

760 

Integral  Skln-Str. 
Joint 

7075-T6 

Gust 

1 

3 

3 

13 

761 

Integral  Skln-Str. 
Joint 

7075-T6 

Maneuver 

1 

3 

3 

18 

Total : 

52 

321 

TABLE  14 


FATIGUE  TEST  DATA  DESCRIPTION 
Spectrum  Loading  —  Full-Scale  Structures 


se  No. 

Specimen 

Material 

Spectrum 

k 

n 

ESI 

Ref 

605 

C-46  Wing 

2024 

i  Gust 

7 

3.5 

27 

55 

610 

C-46  Wing 

2024 

Gust 

5 

4 

20 

56 

615 

C-46  Wing 

2024 

Maneuver 

5 

3.4 

18 

56 

626 

P-51  (Mustang)  Wing 

2024 

Gust,  GAG 

3 

3,4.7 

14 

57 

628 

P-51  (Mustang)  Wing 

2024 

Gust,  GAG 

4 

9.10. 

13 

41 

45 

49 

630 

Trainer  (Provost) 
Wins 

Maneuver 

1 

41 

58 

638 

P-51  (Mustang)  Wing 

2024 

Maneuver 

3 

5,6 

1C 

59 

690 

Fighter  Horlz.  Tall 

7075 

Maneuver 

6 

3 

18 

42 

691 

Fighter  Wing 

7075 

Maneuver 

1 

3 

3 

42 

Total: 

35 

202 
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TABLE  15 


FATIGUE  TEST  LIFE  SCATTER  -  STANDARD  DEVIATIONS 
Constant  Amplitude  lens ion- tension  Loading 


Cycle 

- 

— 

§ 

— 

- 1 

^ave  , 

Range 

Specimen 

k 

in 

°n 

Vk 

Notched 

S 

45 

.081 

.090 

.100 

604 

10a-103 

Structural  Component 

11 

46 

.480 

.694 

.796 

475 

Full-Scale  Structure 

6 

21 

.249 

.264 

.312 

493 

Unnotched 

10 

41 

.083 

.111 

.127 

4,480 

103-104 

Notched 

17 

83 

.104 

.118 

.132 

4,950 

Structural  Component 

30 

138 

.115 

.179 

.203 

4,^30 

Full-Scale  Structure 

15 

65 

.249 

.281 

.320 

3,690 

Unnotched 

28 

107 

.105 

.132 

.154 

4.62  x  104 

104-10s 

Notched 

20 

92 

.129 

.167 

.188 

3.18  x  104 

Structural  Component 

66 

289 

.089 

.107 

.121 

4.05  x  104 

Full-Scale  Component 

24 

107 

.161 

.185 

o 

CSI 

• 

3.72  x  104 

Un notched 

m 

61 

.290 

,39b 

.454 

2.29  x  105 

105-10® 

Notched 

■tl 

73 

.328 

.402 

.451 

2.40  x  10s 

Structural  Component 

88 

413 

.141 

.169 

.190 

2.96  x  105 

Full-Scale  Structure 

14 

56 

.156 

.181 

3.9?  x  105 

Unnotched 

4 

17 

.590 

.663 

.772 

2.34  x  10« 

10M07 

Notched 

7 

33 

.443 

.588 

.663 

3.05  x  106 

Structural  Component 

24 

144 

.243 

.275 

.302 

3.27  x  106 

Full-Scale  Structure 

.  4 

14 

.130 

.160 

.189 

2.35  x  106 

>1Q7 

Notched 

n 

20 

.362 

.527 

.589 

3.22  x  107 

Cycle 

Range 


103-104  Notched 


104-105 


105-10« 


106-107 


Unnotched 

Notched 

Structural  Component 
Full-Scdle  Structure 


Unnotched  12 
Notched  1 1 
Structural  Component  14 
Full >Sca1e  Structure 


Unnotched  2 
Structural  Component  13 
Full-Scale  Structure  12 


Structural  Component 


19  .067 


57  .081 

36  .137 


2,705 


5.66  x  104 
4.68  x  10* 
7.17  x  104 
5.2  x  104 


4.17  x  IQ5 
1.33  x  10* 
5.98  x  105 
5.42  x  10* 


1.85  x  1U6 
*.88  x  106 
3.80  x  10s 


.135  .147  1.54  x  107 


TABLE  18 


rATVnir  YECT  i  ICC  crATTcn  CTAUimnn  nrur  atv/ui^ 

i  n  ■  kuvi.  i  «.«■#  «  i>«i  ».  t/wn  i  i  kit  o  i  nnumu/  i  tni  ivilJ 

Spectrum  Tension-Compression  Loading 


1 —  — 

Cycle 

Range 

Specimen 

k 

10MO“ 

Unnotched 

5 

Unnotched 

21 

104-103 

Notched 

76 

Structural  Component 
Full-Scale  Structure 

4 

1 

Unnotched 

31 

105-1 )6 

Notched 

114 

Structural  Component 

6 

Full-Scale  Structure 

7 

Unnotched 

*■  1 
•/  » 

10M07 

Notched 

26 

Structural  Component 

2 

Full-Scale  Structure 

1 

? 

Unnotched 

9 

Notched 

5 

Structural  Component 

1 

7,800 


4.47  x  10“ 
5.08  x  10“ 
5.25  x  10“ 
9.98  x  10“ 


3.77  x  105 

3.28  x  10s 
4.33  x  10s 
4.44  x  105 


3.29  x  10s 
2.72  x  10s 
4.09  x  106 
2.20  x  10G 


2.30  x  107 
4.44  x  107 
3.64  x  107 


TABLE  19 


FATIGUE  TEST  LIFE  SCATTER  -  STANDARD  DEVIATIONS 
Constant  Amplitude  Tension-Tension  and  Tension-Compression  Loading 


Cycle 

Range 

Specimen 

k 

zn 

s 

cn 

°n-k 

Navfr 

Un notched 

7 

30 

.197 

.222 

.253 

323 

102-103 

Notched 

41 

191 

.105 

.128 

.145 

536 

Structural  Component 

17 

73 

.390 

.582 

.664 

506 

Full-Scale  Structure 

9 

32 

.252 

.262 

.309 

447 

Unnotched 

20 

76 

.109 

.140 

.163 

4,880 

103-10*» 

Notched 

64 

270 

.111 

.147 

.169 

4,200 

Structural  Component 

58 

257 

.100 

.149 

.169 

4,380 

Full-Scale  Structure 

24 

102 

.228 

.261 

.298 

3,940 

Unnotched 

54 

193 

.101 

.127 

.143 

4.5  x  1G4 

IC4-105 

Notched 

59 

268 

.148 

.210 

.238 

3.78  x  104 

Structural  Component 

80 

345 

.088 

.106 

.121 

4.07  x  104 

Full-Scale  Structure 

30 

135 

.176 

.207 

.235 

3.71  x  104 

Unnotched 

36 

159 

.244 

.318 

.362 

3.16  x  10s 

105“1O6 

Notched 

33 

178 

.356 

.426 

.472 

3.49  x  10s 

Structural  Component 

99 

457 

.137 

.165 

.186 

3.11  x  105 

Full-Scale  Structure 

23 

92 

.169 

.205 

.237 

3.77  x  105 

Unnotched 

6 

30 

.657 

.678 

.758 

2.6  x  106 

Notched 

18 

114 

.484 

.541 

,590 

3.09  x  106 

3U  -IU 

Structural  Component 

28 

158 

,228 

.266 

.294 

3.05  x  IQ6 

Full-Scale  Structure 

5 

17 

.115 

.147 

.174 

2.72  x  106 

Unnotched 

5 

43 

.567 

.705 

.750 

2.52  x  108 

>IU 

Notched 

—  —  .i  -  -  - .  —  . . -~i 

12 

_ _ 

96 

.502 

.634 

.678 

1.21  x  10B 

83 


i 

i 

i 

I 

i  TABLE  20 


FATIGUE  TEST  LIFE  SCATTER  -  STANDARD  DEVIATIONS 
Spectrum  Tension-Tension  and  sfiiision-compresslon  Loading 


Cycle 

Range 

Specimen 

m 

tn 

S 

°n 

Vk 

N 

ave 

lOMO1* 

Unnotched 

19 

.185 

.23/ 

.276 

7.800 

Notched 

19 

.067 

.092 

.111 

2,700 

Unnotched 

22 

199 

.139 

.154 

.163 

4.52  x  10H 

.  , 

Notched 

91 

628 

.060 

.072 

.077 

5.01  x  lO* 

10-10 

Structural  Component 

13 

81 

.091 

.113 

6.55  x  10“ 

Full-Scale  Structure 

12 

42 

.148 

.193 

.228 

5.65  x  !0H 

Unnotched 

43 

.141 

.155 

.164 

3.88  x  IP5 

m5  m<b 

Notched 

125 

936 

.098 

.136 

.146 

3.11  x  10s 

IU  — IU 

Structural  Component 

20 

128 

.098 

.125 

.137 

5.49  x  105 

Full-Scale  Structure 

10 

m 

.164 

.178 

.187 

4.73  x  10s 

Unnotched 

33 

335 

.262 

.261 

.275 

3.2  x  10fi 

Notched 

26 

178 

.137 

.181 

.196 

2.72  x  106 

10  —  IU 

Structural  Component 

15 

86 

.120 

.155 

.170 

4.77  x  106 

Full-Scale  Structure 

13 

56 

.144 

.167 

.190 

3.68  x  10c 

Un  notched 

9 

74 

.497 

.472 

.504 

2.3  x  107 

>107 

Notched 

5 

24 

.315 

.347 

.390 

4.44  x  IQ7 

Structural  Component 

4 

26 

.  ..... 

.121 

.122 

.133 

2.02  x  107 

iOt-sOL  j  40l 


m 


TABLE  23 


FATT6UE  TEST  LIFE  SCATTER  DISTRIBUTION 
Constant  Amplitude  Loading  -  Notched  Specimen 


[{logNi-TogR^Jx 

.^r[7urpr)  3  r 

-2.0  to 

-1.9 

1.7 

-1.6 

-1.6 

-1.5 

-1.5 

-1.4 

-1.4 

-1.3 

-1.3 

-1.2 

-1.2 

-1.1 

-1.1 

-1.0 

-1.0 

-0.9 

-0.9 

-0.8 

-0.8 

-0.7 

-0.7 

-Q.6 

-0.6 

-0.5 

-0.5 

-0.4 

-0.4 

-0.3 

-0.3 

-0.2 

p  o 

SlD*. 

-C.l 

-0.1 

-0.0 

0.1 

0.1 

0.2 

0.2 

0.3 

No.  of  Specimen  In  the  Life  (Cy:1e)  and  Deviation  Ran 


102-10*  103»10*»  10**-105  10M0*  106-107 


■y 


m 


IWU 


FATIGUE  TEST  LIFE  SCATTER  DISTR  BUTION 
Constant  An^lltud*  Loading  —  :  trur.t*?r*l  Components 


/n^/(nj-l)3 


No*  of  S 


102-10* 


sn  In  the  Life 


10*-10* 

10*-105 

1 

1 

1 

1 

1 

3 

6 

11 

34 

46 

79 

108 

93 

11C 

24 

49 

12 

13 

2 

1 

1 

1 

1 

1 

257 

345 

cles)  and  Deviation  Range 


10*-107 


TABLE  25 


FATIGUE  TEST  LIFE  SCATTER  DISTRIBUTION 
Constant  Amplitude  Loading  —  Full-Scale  Structures 


TABLf.  26 


FATIGUE  TEST  LIFE  SCATTER  DISTRIBUTION 
Spectrum  Loading  -  Unnotched  Specimen 


TABLE  2/ 


FATIGUE  TEST  LIFE  SCATTER  DISTRIBUTION 
Spectrum  Loading  —  Notched  Specimen 


|  [(logNj-lcgNi)x 

No.  if  Specimen  In  the 

Life  (Cycles 

)  and  Deviation  Range  | 

1 

lOMo1* 

10**-105 

105-10« 

106-107 

»107  | 

-1.1  to 

-1.0 

1 

.0.9 

-0.8 

1 

1 

-0.8 

-U.) 

2 

-0.7 

-0.6 

1 

1 

-0.6 

-0.5 

1 

1 

1 

-0.5 

-0.4 

2 

5 

2 

1 

-0.4 

-0.3 

1 

10 

3 

3 

-0.3 

-0.2 

1 

2 

28 

14 

2 

-0.x 

-0.1 

2 

31 

100 

18 

3 

-0.1 

-0.0 

8 

279 

317 

50 

1 

0.0 

0.1 

6 

280 

317 

54 

4 

0.1 

0.2 

1 

28 

95 

15 

1 

0.2 

0.3 

3 

32 

9 

3 

0.3 

0.4 

1 

16 

3 

0.4 

0.5 

1 

5 

4 

0.5 

0.6 

1 

2 

2 

0.6 

0.7 

1 

3 

2 

1 

0.7 

0.8 

1 

0.8  to 

0.9 

1 

£nj 

19 

628 

936 

178 

24 

*1 


TABLE  28 


FATIGUE  TEST  LIFE  SCATTER  DISTRIBUTION 
Spectrum  Loading  —  Structural  Components  and  Full-Scale  Structures 


TABLE  29 


GROUPING  OF  TEST  DATA  ACCORDING  TO  THE  STANDARD  DEVIATION  MAGNITUDE 


°n~k 

Vk 

k 

tn 

*• 

N 

Loading 

Specimen 

.077-. 150 

.077 

.111 

.113 

.121 

.133 

.137 

.143 

.145 

.146 

91 

6 

13 

80 

4 

20 

54 

41 

125 

628 

19 

81 

345 

26 

128 

198 

191 

936 

10“-105 

1Q3-10“ 

10“-1')5 

10“-105 

1-1  o7 
105-106 
10**-10s 
102-103 
105-106 

Spectrum 

Spectrum 

Spectrum 

Const.  Ampl. 

Spectrum 

Spectrum 

Const.  Ampl. 
Const.  Ampl. 
Spectrum 

Notched 

Notched 

Structr.  Comp, 
Structr.  Comp. 
Structr.  Comp. 
Structr.  Comp. 
Unnotched 

Notched 

Notched 

Total 

.127 

434 

2,552 

mm 

22 

199 

10“-105 

Spectrum 

Unnotched 

HE  9 

20 

76 

I03-105 

Const.  Anvl  • 

Unnotched 

.164 

43 

403 

lOi-lO6 

Spectrum 

Unnotched 

.169 

64 

270 

103-105 

Const.  Ampl. 

Notched 

.169 

58 

25/ 

103-10“ 

Const.  Ampl. 

Structr.  Comp. 

.150-. 200 

.170 

15 

86 

10M07 

Spectrum 

Structr.  Comp. 

.174 

5 

17 

106-107 

Const.  Ampl. 

Full-Scale 

.186 

99 

457 

105-106 

Const.  Ampl. 

Structr.  Comp. 

.187 

10 

104 

105-10* 

Spectrum 

Full-Scale 

.190 

13 

56 

10«-107 

Spectrum 

Full-Scale 

.196 

26 

178 

106-107 

■  1  II  —1 

Notched 

Total 

.175 

2,103 

.228 

p 

iiisiy  'W 

1Q“-105 

Spectrum 

Full-Scale 

.235 

iKIfl 

BTl 

10“-105 

Const,  ’Vtpl. 

Full-Scale 

.237 

Bfl 

1q5-]a& 

Const.  Ampl. 

Full-Scale 

.238 

59 

268 

10“-105 

Const.  Ampl. 

Notched 

.200-. 300 

.253 

7 

1Q2-103 

Const.  Ampl. 

Unnotched 

.275 

33 

335 

BTiLSTTA 

Spectrum 

Unnotched 

.276 

5 

19 

E  f.a  fV Cm 

Spectrum 

Unnotched 

.294 

28 

158 

106-107 

Const.  Ampl. 

Structr.  Comp. 

.298 

24 

102 

MEEEm 

Const.  Ampl. 

Full-Scale 

Total 

.263 

221 

1,181 

.309 

9 

32 

Const.  Ampl. 

Full-Scale 

.362 

36 

159 

Const.  Ampl. 

Unnotched 

.390 

5 

24 

>107 

Spectnmn 

Notched 

.472 

33 

178 

Const.  Ampl. 

Notched 

.300-. 758 

■EH 

9 

74 

Spectrum 

Unnotchod 

.590 

18 

114 

Const.  Ampl. 

Notched 

.664 

17 

73 

jTJJJ  W 

Const.  Aepl. 

Structr.  Comp. 

.678 

12 

96 

jSlffniMB 

Const.  Ampl. 

Notched 

.750 

5 

43 

»107 

Const,  hip}. 

Unnotched 

.758 

6 

iKl 

10«-107 

Const,  Ampl. 

Unnotched 

Total 

.548 

150 

823 
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E PROBABILITY  OF  SURVIVAL 
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FIGURE  23,  PROBABILITY  DISTRIBUTIONS  OF  CONSTANT  AMPLITUDE  LOADING 
STRUCTURAL  COMPONENT  SPECIMEN  TEST  LIVES. 
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FIGURE  2$.  PROBABILITY  DISTRIBUTIONS  OF  SPECTRUM  LQAOINfi  NOTCHED 
SPECIMEN  TEST  LIVES. 
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FZSURE  29.  PROBABILITY  DISTRIBUTION  OF  POOt'O  TEST  DATA  SWOPS 
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£  PROBABILITY  OF  FAILURE 


Z  PROBABILITY  Or  SWWTYAL 


Cumulative  Probability 


CONSTANT  AMPLITUDE  LOADING  FATIGUE  TEST 
LIFE  SCATTER  STANDARD  DEVIATIONS. 


L _ J L  LJj_LLu _ 1 1  LU _ 1 I — U-LILii _ 1 i — U.J  LLLL. 

104  105  106  10; 

N  ™  Cycles  to  Failure  (Rave) 


FI CORE  35.  SPECTRUM  LOADING  FATIGUE  TEST  LIFE 
SCATTER  STANDARD  DEVIATIONS. 
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Specimen  Type 


CONSTANT  AMPLITUDE  LOADING  FATIGUE  TEST 
LIFE  SCATTER  COEFFICIENT  OF  VARIATION. 


Coefficient  of  Variation 
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